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ABSTRACT 


A facility has been designed and built to 
produce 10 MeV polarized neutrons. This facility was 
used to measure the polarization and cross section of 
10 MeV neutrons scattered from Pb and Bi in the angular 


canger oie ll. 5=—65-. 


No Significant difference has been found 
between the measurements of the small angle polarization 
of 10 MeV neutrons scattered from Pb and Bi in contrast 
to the situation at 2.5 MeV reported previously. 
Furthermore, DWBA calculation using only the nuclear 
and Mott-Schwinger interactions give good agreement 


with the data. 


Comparison of the experimental results with 
predictions using three different global optical poten- 
‘tials proved that the Becchetti and Greenlees potential 
can best describe both the differential cross section 
and polarization, in the scattering of [0 MeV neutrons 


from heavy elements. 
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CHAPTER 1 
INTRODUCTION 


The production of a well collimated mono 
energetic neutron beam is VeEryIdi tT iculrmanaras a 
result there is a paucity of experiments involving 
the scattering of fast neutrons. Good collimation 
requires very well designed massive shielding. Many 
charged particle reactions which produce neutrons 
result in more than one energy group of neutrons. 

An efficient separation of these groups requires a 

high resolution time-of-flight system. Thus a high 
intensity pulsed beam of charged particles must be used 
COminittilace, the. reaction. 

The difficulties in producing good beam are 
further magnified when one tries to produce polarized 
neutrons. In addition to the above mentioned difficul- 
ties one will have to face the fact that in a nuclear 
reaction the maxima of polarization and cross section 
are outs oOL Dhasest.e. the polarization will attain, its 
maximum value when the cross section is at its minimum. 
Thus to produce a polarized neutron beam, one has to 
maximize the beam current, production target thickness, 
the scatterer size and detector efficiency and optimize 
the geometry without jeopardizing the quality of the 


neutron beam. 
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The 6 MeV Van der Graaff accelerator of the 
University of Alberta, “has ’a’0.3n.s: pulsed beam and 
is ideally suited to produce fast neutron beams. The 


9 4 
Be ( Hen) >“c has been used as the neutron 


reaction 
source inechisewock..aewi thea He energy of 5.45 Mev 

one obtains 10 MeV neutrons with 0.44+0.03 polarization 
dtrd-Laboratonyereactionwangle of 730%) ) USing atvarger 
GOLLOSS mg/em- one has an energy spread of 500 KeV and 
aeetuxs Tok 6x10° neutrons/sec-ua-Sr. Various combinations 
of source and detector shielding were used Howth a ike 
scattering angular range from 60° to 1.5° to be studied. 
A Monte’ Carlo computer code was modified to correct, 

for multiple scatter effects, not only the large angle 

. polarization data but also the small angle measurements 
as well. Such corrections become very important for 
very small scattering angles. 

The polarized neutron facility, described above, 
has been used to compare the elastic scattering of 10 Mev 
neutrons PeEromelismuti «(ba rand uead (lb) .eein  thewsma EL 
angleé@regton, the longlrange forces "dominate the inter= 
action between the incident neutron and the scattering 
nucleus. The interaction between the magnetic moment 
of the neutron and the Coulomb field of the nucleus 
(M-S interaction) and the interaction between the neutron 
induced electric moment and the nuclear Coulomb field are 


examples of such long range forces that may contribute 
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to the small tangle region: The existence of the M-S 
force has been well established experimentally and 
theoretically. However, the existence of the inter- 
action between the induced electric moment of the 
neutron vTandsthesCoulomb fieldtofethesnucleus is stall 
eontroviersial. HeAiiurtheradifficultysanises from the 
GBeSubkus reported by@Drigoser als(Drl/3) im They foundea 
difference between the polarization of 2.45 MeV neutrons 
scattered from Pb and Bi in the angular region where the 
long range forces are dominant. This Ae roreres could 
not be accounted for using the nuclear forces and the 
dbover mentioned dong range, forces. PilGe sucha dit ference 
is real it may be very important and might be an indica- 
tion of the existence of another long range force. So 
1G is not clear if one can predict the small angle 
observables by simple theoretical treatment which includes 
only the M-S and nuclear forces. 

There are three "global" optical model potential 
sets of parameters which are frequently used to describe 
PiemsScattering Of NMeEUCrOons inv the energyy range or LU=30 
MeV from Pb and Bi. Recently Bucher and Hollandsworth 
(Bum >eand) Bu. /5a) reported that two of these sets, 
namely Rosen et al (Ro 62) and Wilmore and Hodgson (Wi 
64), do not produce the same cross section for the 
scattering of 7-14 MeV neutrons from Pb and Bi in the 


angular range of 2.5-15°. It is thus of some importance 
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to compare these three potentials to see which provides 
the best description of the scattering of 10 Mev 
neutrons. 

In an attempt to answer the questions mentioned 
above, the polarization and cross section of 10 MeV 
neutrons have been measured in the angular range of 


1.5°-65° and the results are reported in this thesis. 


CHAPTER 2 


POLARIZATION 


Ph Ab Alnghea gore hbVensaneyg 

Nuclear reactions involving polarization measure- 
ments are very ‘important tools in nuclear physics 
investigations. In this chapter we will introduce the 
necessary ~ormairsm forthe description, of polarization. 
Themduscusston willsbe mwestricted) to spin) 1/2 *particles 
and spin zero targets. 

A particle with spin S will have z-component 
quantum number Ma. Quantum mechanically Mm. is allowed 
LOmLaAKeC BOON veties arscrete Valles etG pmo ute ss poo. ee 
Saal) 2s then Mes ti/22. Whis means that ethe spin 
vector can be parallel or antiparallel to the (+ve) 
Z=dirreceion. sA, particle with spin «1/7 2ecansexrst only 
im—moOne Ob two spin states +1/2 501 “spin-upr stave oT 
-1/2 or “Spin-down" state. In an ensemble of particles, 
however, a fraction ol the particles ine the ensemble can 
havewspineup and the rest iwill, of cournse,, have spin 
down POlarization. @is the quantity normally used as 
ammeasure for the distribution of Spin States 1m an 


ensemble of particles. Let N, and Ny be the number of 


particles with spin up and spin down respectively. If 
N, = Ny then the ensemble is unpolarized. If either Ny 
or Ny is zero then the ensemble is fully polarized. 
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If P is the polarization of the ensemble then P = 0 for 
the unpolarized case and |PlR=el tor thesftuldyipolarized 
casecserlt Ny, and Ny are not equal but neither of them 

is zero, then the assembly is partially polarized and 
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Ohlsen (Oh 72) has suggested the following 


classification of nuclear reactions and scattering 


experiments, which involve polarized particles, 


. aan . . . 

is) PAD? Cy polarization experiments. 

. . et . . 

1) A(b,c)D analysing power experiments. 

APbs > > ; 

aeTeLy) A(byCc)D polarization transfer experiments. 


In an experiment of type (i) a beam of particles b will 
interact with 7a target A to produce a polarized beam) orf 
particles c (the arrow above the letter indicates that 
the beam is polarized). The polarization of ¢ can be 
measured using an "analyser" that is sensitive to the 
polarization Of c. If the projectile beam "b" is 
unpolarized, then this) Kind of reaction 1S called va 
POOlarizern. slistype, (1.1) ‘experiments, the polarization 
Of particle b is usually known and by measuring the 
"left-right" asymmetry one can obtain the "analysing 
power" of the target nucleus and the process is called 


anewanalyser". In the work, described in /this) thesisea 
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charged@particlesreaction or tyne (i) aseused to 
produce a polarized neutron beam and the elastic 
scattering of type (ii) is used to measure the 
analysing power of some nuclei. In type (iii) 
experiments the polarization of particle b is usually 
known and that of particle c is usually measured using 


an "analyser". 
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In the rest of this chapter we will mainly follow 
anmaneLlelesgbysOhisen S(Ohw/2)). peA (Pawii. spinor ‘of ‘the 


form: 


a5) 


can be used to represent a spin 1/2 particle. This is 

a representation of a fully polarized particle, which 
means that the spin vector points along a definite 
Givrectlonee melt gthat.s disecti10m i126 Chosen as, the quama1za— 
Lon) (2) axis, then the spinor will have a, = O. The 
expectation value of any observable corresponding to 


any hermetian operator % is: 
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Note that 254 = tap for hermetian operators. 


One can, now, define the density matrix as 
pale a Be 
Hy Les 2 
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Tests conventent tosrewrite (2.1) as: 
ee Oe Sf (ey) 


All the above results can now be generalized to an 
ensemblenot N adentical particles?) The Pauli spinor 
HasmeOube Speci tired for cach particie 

ey) 


Al 


(ou) ane 
x = (mo (2.4) 


2 
where the n-superscript refers to the nth particle. 
The average of the expectation value of the operator 


now operating on the ensemble is: 


X QY = Tr of (22) 


andsOelnethis case will be given as: 
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Phew resteofL thesdiscussion will be restricteduce 
ensembles, and the bar indicating ensemble averages 
will be dropped. 

The state of polarization of an ensemble can 


be specified by Pauli spin Operators defined as: 
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Sor Sy and So are spin angular momentum operators. 
Applying equation (2 oveero Or a and Oo, we get: 
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the assumption that each Pauli spinor is normalized. 
Tee EsmouOsS LD lLeMtOorgropstniesLacton L/N in at ilertnesabove 
definitions if Tr 9 is taken to indicate the total 
number of particles in the ensemble. 

Equations (2S awilleput slim cSseot wel sonm Pye ah 
and Po: The set of operators I, oy, oy and oh forms 
a complete set of hermetian matrices for the spin 1/2 
2x2 space. So, any other operator in this space is a 
linear combination of these operators. Thus Pay ey and 
P, provide a complete description of the polarization 
of any spin 1/2 ensemble. 


Since P is a 2*2 matrix then it can be expanded 


in terms of the basic set I, 9°, oy and ee, as 


x 
p=) c.9, (25103 
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2.3 Observables For C+ me E+B 

This kind of interaction has its most general form 
in experiments dealing with the interaction of polarized 
particles with non-polarized nuclei. In neutron scatter- 
ing experiments one usually deals with a thick scatterer 
With aelarge spossibility that the neutron will scatter 
more than once before leaving the scatterer. In any 
multiple scattering polarization corrections, the above 
interaction is the basic interaction, and all its obser- 
vables are needed to perform the corrections as will be 
explained in Appendix A of this thesis. 

It is important to start our discussion by defining 
the coordinate system. It is customary to define a set 
of axes for the projectile and another set for the out- 
going particles. For the projectile a set of axes can 
be chosen such that the z-axis is taken along the momentum 
vector a the y-axis normal to the scattering plane is 
defined by Kia K, where Se is the momentum vector of the 
outgoing particles, and X-axis such as to form a right- 
handed coordinate system. The unit vectors of this system 
will be called sip n and k corresponding to x, y and Zz 
directions respectively. For the outgoing particle the 
Seteotedasesex, y. and 2° can be defined. inga similar 
way. The z'-axis will be taken along Kee and the y'-axis 
will be along the same direction as the y-axis and 


similarly x' will form a right-handed system. The Writ 
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veCctorsswille be p', miltand k". Pig. 2.1 shows such 
systems. 

To define the polarization of the incident beam 
Vere ic cousider tii) 2.2.) =the) Coordinate system is 
defined as mentioned above. S is a general quantization 
axis of the incident beam. 2% is the projection of Sean 
the xy plane. Let § make an angle 8 with z-axis (the 


incident beam direction) and » is the angle between 2 


and the y axis. Then 8 and @ can be defined vectorially 
as | 

cos 6 = S-K, (27. 4) 
and 

cos ¢ = (SA k,)+ (na K;) é (28>) 


The angle ¢ is very important and it is taken to be 
positive in the sense of a right-handed screw with x- 
axiSeQOIng Intory. sNOw Le S is pointing in a direction 
such that ~ is parallel to y-axis then ¢ = 0 and if 2 

is antiparallel to y-axis then » = 180°. Similarly 
G5=—90 5 ande2/ 0) Uf 2 is antiparallel and parallel to 

the x-axis respectively. In nuclear reactions involving 
unpolarized projectiles the polarization vector of the 
outgoing particles is always perpendicular to the scatter- 
ing plane formed by K, and a i.e. S will be along the 


y (n) Axcis yethis means that. © willbe either 0 on 160%. 


miter of Miah JS 
na 4 Sccetom non or U bean’ oipntand wot to 
smh aiva-2- nay be as es oe : sont «ek ee 
Tiled oo! pes ott Be pone (ny Napa herald 


S 
PS 


Withee soSy tun t.20' GOvaR® 4 Nae So hawt Latin ¢ 


Lats) j | pass yh Sa! 


Hf 


re -o) sede Math Reet = i - ; 


> 


pil od newaw AL of ‘ifte ties sous yvoee as ¢ of enw . 
as 
a%, dite wexoe debnsfeatigit 6-3¢, 92098 ofa 45. ave tr. + 


_ 


riiclevls.« oh ghidntGe gt 2 tt woe oc ctw) pnteg | 
Wot Sie = Wy rari akxex pod tabizasg ah 7 sad cs) ie 
gira vieee | pis = oped 2fmey 2 Lab tana . a 
oa! Lal tate dy t 5s LeLiwigqhine a: 4%: ate Ben’ ‘18 = « 
wd viel usages vanigin wi wheel foeqees « ae 
3 to pace od ats asi. imeioua dont 
pra age rise i eyinls toy 
iia B otakoga Bing 43 4 hero? anak 
sald, LL jos sai siaws whad abiem 


_ 


/ ; 


- \ 


~~ 4 
« ™ : 
Ban elisootou Foerecer an - 1.8 omwpls 
a1 


-eeene. 26 #302 elo) pret po oh 


Figure 2<1)= Definition of projectile and 


outgoing particle sets Of axes. 


14 


mew ey an 

: os rj ' : § J l 
: : 40 malig Sain arigi¥e Aotsiniver -, m4 eters) 
_ : “eh éavar aaee ire ah A rth 3 Ti am j 
; 7 F e 


ahi 7a at 


: nd st barh ling: <a ie era 


7 - ' Pa 7. 


etm -~ eo —- => —S = 


a 


—— > 


. 


. 


; 
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the incident beam in the projectile 
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We will turn our attention now to the scattering 
process of the form in eee. Let X¢ be the spinor 
describing the outgoing particle spin. This spinor can 
be related to Xr the spinor describing the projectile 


spin, through the relation 


Kee eX (216) 


where M is a 2x2 matrix whose elements are, in general, 
functions in energy and angle. Xj is defined in the 
projectile frame where X¢ is need in the outgoing 
particle frame, as defined above. Assuming A and B are 
spin-zero nuclei, then the density matrix describing the 


inverval state Ls: 


N 
ae 
i ae eee (2207) 
n=l] 
T 
where opel is the hermetian conjugate of eae 
Srela ny LOL eCie mc tid las tale, 
N 
Ip 
aioe Gecihlh aualiee (2.18) 
n=l 


N is the total number of particles in each ensemble. 
Since, 

Xt a XM 
then equation (2.18) becomes: 


= MoM , (29) 
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Now the scattering cross section is given by: 


I(6,9) 


Tr (p,) /Tr (p;) 


Tr (Mp ,M")/Tr(p,) : (2209) 
Lf P; is now normalized to unity then 
ap 


T(9,o) = Tr(Mp,M) . Wank) 


This is the cross-section for the scattering of a 
polarized beam. If the incident beam is unpolarized 


then 


re ees 
p, = | (2222) 
* Onn 


and this will give: 
1 ii 
ard PRR PAE 
Tr, (8) a ous) ae ( ) 


Using equation (2.13) equation (2.21) becomes: 
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1(0,6) =$ Trim(1+ } p.0.)M'] 
ee 
J 
t,1 ¢ t 
a2 Tr MM +> ) eM Os Mins) ae (2.24) 
2 ic 4=1 J J 
Usinogsequation, (2.235) we get: 
j ( ) 
== ovaa) 225 
T(@,o) = 1,00) (1+ 2 pia, @)) 
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dios: MoM? 
A, (8) = —— ; (5 BS) 
Tr MM 
The quantity GI is called the analysing power of the 
scattering for the jth component of the initial polari- 
zation. Similar relations for the outgoing polarization 
can Derestabl shed. ® Onercan write equationse (2.3) stor 


the outgoing polarization as: 
Beng] opr? = lig P-o./Tr Pr 
wie Pp Tr Pr =a iG Pro 5 


Using equations (2.20) (notice that Ps is normalized) 


and (2.24) one gets 


3 
k! 
Pye ee ol) see Uae) eau gh (8) ] (Qo 
where 
debe mM oy, 
Pi (8) Sagem er 2 ey 
Tr MM 
and 
k! i MoM" oy, 
Ky (0) = —_1,— (2089) 
J Tr MM 


where PL, (8) is the kth component of polarization which 


Kis 
would be produced by an unpolarized beam, and K. (6) 53S 


the polarization transfer coefficient that relates the 
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jth initial polarization component to the kth final 
polarization component. It is easy now to rewrite 


equatirons(2.25) and (2027) as; 
I(6,) = I, (8) [1+ PLA, (8) + Dye al pA, (8) ] 


Py rT (0, 9) = 1, (8) [Py (8) +p, Ke (8)+p Ke (8) +p K%" (8) ] 


(2230) 
= vi ve y! 
Bee Opp) t= TSUN IP (8) +p Ke (6) tp Ky, Con eas) 1 (6) ] 


>. Zz! z! zZ! ‘ 
Pz11(9,o)= 1, (6) (PL. (O) +p KY (O) tp KO (@)+p,K? (8)] . 


Equations (2.30) are the most general forms that are 
allowed by the conservation of angular momentum. 

Moreover, if parity conservation, rotation invariance 
and the relation between the reaction and its inverse 


are imposed on equations (2.30), they will be reduced 


(EO) S 

I(6,%) = I, (6) {1 7 pyA, (9) 

phe xs 
P,11(6,o) =I, (8) [p Ky CO) ep ks ede 

U2e7Sis) 
- Ve, 

ih MAIO ss eae eer + Py (6) ] 
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In a nuclear reaction where the reaction and its inverse 


are identical (elastic scattering) time reversal invariance 
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Shows that: 


7" Ss of 
AY = Py ’ (27n382)) 
and oes - Kx" 
x Zz 


which means that 
EUG; = - : 3 
(6,¢) I, (6) {1 a PyPy (6) ] (23) 


Now Py is the component of the incident particle polari- 
zation along the y-axis in the incident particle frame 
and Bt Neel is the y-component of the polarization of 

the outgoing particles which would be produced by an 
unpolarized beam. This means that both Py and Sas) 
are perpendicular to the reaction plane and the angle 
between them is >. In this case ¢ will be either 0 or 


180°. Now one can write equation (2.33) as: 


1(6,o) = I, (6) (1 + Boo) el ece sae ne. cos ¢] (2.34) 
ion mee) Deepa Ea (2.35) 
(6,180) = I (8){[1 - P,P,] (2.36) 
where P, = hy, and Byuee = P,. 


From equations (2.35) and (2.36) one can get the familiar 


equation for the asymmetry 
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In the scattering of spin-1/2 particles from spin zero 
nuclei, the polarization component in the reaction (x-z) 
plane will rotate through a certain angle "Q" after 
collision. Moreover, the magnitude of that component 
will be reduced by a factor of (1 - Beal As shown in 


ErOgme ss etne; angles p 1Ssegqiven by - 
Seta) USE geass ae 


where 6 is the laboratory scattering angle. Then 


tan(§-6) = tan(6, - B;) 
(tan Be- tan B.)/1+ tan Be tan Bs 
ei ee 
Since tan 8. = — and tan gp. =— . 
fo Py 1 Py 


Then by using equations (2.31) and (2.32) we get: 


tan(g-8) = —> : (2.55) 


If we take now a single z-axis along the projectile 
momentum for both the incident and outgoing particle 


frames, then we get: 


i] t 
KX = rer o ges COS Mom K~ sin 0 
x Zz x Z 
(25539) 
Kx == oR e eK cos 8 - ye Sin 6 
Zz Zz x 
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Figure 2.3 - Definition of spin rotation parameter Bie 
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ra pee 
tan 6 Lea 


a ee oe x 
Ia camenk Ke 
Or 
a eX 
tan g = eke 
and 
5 ines ees 
Sin g = Ky cos g = Ky A (2.40) 


Houatwons (2.31), forithe polarization Ofmthe scatcered 
particles, can be rewritten, with the help of equations 


(2s) meandg 236) eas: 


eee) 


eo) SSS [p,cos (6-8) p,sin (6-8) ] 


1 eye (6) 
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[p sin (6-8) + pcos (6-8) ] : 


All the necessary observables for the elastic scat-— 
tering of a polarized beam of spin 1/2-particles have 
been defined. These observables can be defined in terms 


of the M-matrix. 


The M-matrix can be defined as: 


A ia) 
(2.42) 
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UsingeeduatlOnsm( 26 2oimm(ases), (2529), (2640) mand (25-42), 


we get: 
2 2 
a Ne el Ace acta Es] (Aras) 
_ 2 Re (AB*) 
Pi = 5 aA) 
a ja|* +|B|° 
. * 
ay Ge ——— (2.45) 
(JA|~ +|B|~)/14 P2. (6) 
: y 
2 2 
cos B = z= wa IE (2.46) 


Unies (aeyae oa (6) 


2.4 Measurements In ie Near ia Experiments 

The elastic scattering of a polarized beam of 
spin-1/2 particle can, in its simplest form, be used to 
measure the polarized cross-section 1(6,¢) given by 
equation (2.34). If I(6,¢) is measured at two different 
azimuthal angles 4 and 5 then ty issposstplew to obtain 
the quantity PjP.- Given the product PiP, it is possible 
to determine one if the other is known. 

The experimental set up for such measurement is 
PeluSt ra ceo mini Gc wes. 4D mem rsuesCatleme tet onaCuilall Ly, 
a source of a polarized beam which will scatter on the 
second scatterer. The R and L detectors are set to 
measure the polarized cross-section at +6. and —8.. SSR 
Pie the polarization of the incident beam, is perpendi- 


cular to the scattering plane then as mentioned in 
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Figure 2.4 - a) Relation between spin and orbital 


angular momentum. 


b) Experimental set up of a double 


scattering experiment. 
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section 2.3, the angle » should be 0 and 180°; this can 
be shown by a classical argument (Ma 70) using fig.2.4a. In 
that figure a beam of, spin-1/2 and orbital angular mo- 
mentum 2, particles moves toward a nucleus "c". Those 
particles with orbital angular momentum vector 2 points 
downward will have a trajectory which eiiT take them, say, 
to the left of the nucleus while those with 2 points 
upward will go to the right-hand side of the nucleus. 

Fach particle of the beam will have its spin aligned 
DabraklLel Jor antiparallel sto 2. Now if the scattering 
force has a component which is proportional to 2.S 
(spin-orbit force) then a particle in the parallel 
orientation will feel a different magnitude of the 

force than another particle in the antiparallel orienta- 
tion. This will result in a preferential scattering to 
the left for one spin state and to the right for the 
other state. This means that after scattering the dis- 
tribution of spin states will change and this distribution 
can simply be measured by counting the number of particles 
scattered at a certain polar angle twice, once at the 
right-hand side of the incident beam and once to the 
left-hand side. In effect, this means that we are 
measuring the number of particles scattered at (8,0) and 
(6,180) and these numbers will yield the cross-section if 
it is related to the number of particles in the incident 


beam and number of nuclei in the target. So, measuring 
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left-right asymmetry will give the product P as 


iy 2 
suggested by equation (2.37). This method has been 
used in a very large number of experiments over the 
taste ftewrdecades.|) Invspite ot the fact that: this 
method is very simple and direct, it suffers from few 
Pearan tages: which will lead to false asymmetries. 


Hillman and Stafford (Hi 56) attributed these false 


asymmetries, in neutron elastic scattering experiments, 


to: 

1) Error in aligning the detectors at speyeuilse Hae 
same angle on both sides of the beam. 

2) Difference in the count rate between the two 
positions due to inhomogeneous irradiation of 
the scatterer. 

3) Change in count rate due to any difference in 
efficiency of the detectors due to differences 
in geometrical shape or electronics. This 
problem can be solved by using one detector and 
GObtation OF Lhe spin OfsiNCtaen ta neuLrons. 

4) Ditterence in the backgroundscount rate vat, the 


two positions. 

Hillman et al (Hi 56a) suggested a different 
method to avoid these problems. The method makes use 
of the fact that the neutron has a magnetic moment and 
in an axial magnetic field, perpendicular to the direc- 


tion of the magnetic moment, the neutron will precess 
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Inde rection normal to the plane containing the magnetic 
field and the neutron magnetic moment with a frequency vy, 


given by: 


v= guyH/h (2.47) 


where 


g is gyromagnetic ratio, 
h#@isyPlanck's  tconstant; 
Lay is nuclear magneton, 
H is the magnetic field. 


Now, 


v = 1/T 


where T is the periodic time of the precession, which is 
the time the neutron takes to rotate 360°. So if the 
neutron spends in the magnetic field a time "t" then 


it will rotate an angle "6" where 


ce 
360 


Beil ties HORNS: tty 


Peetiewpathelengen or the neutron in ther magnetic field 
is "&" and the neutron velocity is V then 


Vee 6V 
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Equation (2.47) will then become 
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where 8 = V/c and c is the velocity of light. 

Since the magnetic moment and spin of the neu- 

tron are parallel, rotation of the magnetic moment 

of the neutron through an angle 6 will result in rotat- 
ing the spin vector through the same angle. If one now 
adjusts the value of H2 so that 6 will be 180 this will 
mean that neutrons in the incident beam with spin up 

will have a spin down after going through the magnetic 
field and at the same time neutrons with spin down will 
emerge from the magnetic field with spin up. Consequently, 
those neutrons scattered to the left detector with the 
magnetic field off will scatter to the right detector 
with the magnetic field on. This will mean that only 

one detector need be used at a fixed position and counts 
Willobe taken with field on and field off and the result 
will be equivalent to the use of two detectors. In other 
words using such a magnetic field and one detector will 
mean that the polarization of the incident beam will 


change its sign after going through the magnetic field, 
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and this will have exactly the same effect as changing 
Omarone Ue scour sO oa It svusmcustomary ito rotate the 
polarization of the incident beam by +90° and this will 
resulliiiecaereductionsin theimagnetic field by a factor 
of 1/2 over that required to rotate the spin by 180°. 
This procedure is very important if a conventional 
solenord™1stused.”” In this’ case," rotating ther spin 
vector by 90° will result in the neutron scattering which 
will be above and below the scattering plane instead of 
left-right scattering in that plane. So the detector 
has to be placed in the vertical plane:and counts will 
be taken with the necessary magnetic field to rotate the 
spin of the incident beam by 90° and by reversing the 
polarity of the magnetic field the spin will be rotated 
-90° and this will again be equivalent to changing the 


sign of the beam polarization. 
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CHAPTER 3 


THE POLARIZED NEUTRONS FACILITY 


3.1 Polarized Neutrons Source 

Most experiments on scattering of polarized 
neutrons todate have used charged particle induced 
reactions as sources of neutrons, usually (p,n) or 
(d,n) reactions. The ideal neutron-producing reaction 
would be one giving a monoenergetic neutron flux having 
a large differential cross section at the reaction 
angle where the polarization of neutrons is maximum. 
It would involve self supporting targets which could 
withstand high beam currents and would yield highly 
polarized neutrons. In reality, most reactions give 
several neutron groups, consequently, to utilize them 
one must use time-of-flight techniques to separate the 
various neutron groups. Several laboratories have 
been studying the use of the associated particle method 
for discriminating against unwanted neutron groups or 
Other backgrounds, Vif"this technique were effective, 
it would bypass the pulsed beam requirement, as fast 
time-of-flight measurements are then possible by 
employing a high current d-c beam and the associated 
particle for a timing pulse. Such measurements are 
however severely hampered by the limited count rate 


which can be handled by the associated particle detector. 
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In the last few decades, a large amount of data 
on the polarization of neutrons produced in reactions 
has been recorded. Several authors (Wa 70, Go 63, 

Ha 63 and Ha 60) have summarized and tabulated infor- 
mation relevant to polarized neutron sources. To 
facilitate comparison between the different sources 
available Walter (Wa 70) suggested two quantities po 

and P“9/s to be used as a figure of merit for each source. 
P is the polarization of the neutron beam, o is the cross 
section and s is the energy lost by the charged Pec inie 
in the neutron producing target. 

If one is constrained to a relatively low energy 
for the incident charged particles, a reaction with large 
p*o/s and a large positive Q-value would be desirable for 
elastic scattering experiments. A survey shows that two 
reactions can best satisfy these requirements, namely 
the Tides He and Be (Henin c reactions. In table 3.l 
the properties of these two reactions, relevant to their 
use as polarized neutrons sources, are given. 

Tritium targets can be obtained in two forms, 
dast@andsecolid™. Solid targets tcontaining tritium 
can be made by adsorbing tritium gas interstitially in 
some heavy metals (e.g. platinum, zirconium, titanium 
or ytterbium). Solid targets have been used in the 
early stages of this investigation and found to be 


inadequate for use in elastic scattering experiments. 
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Firstly, the energy loss of deuterons was quite high. 
Secondly, the best ratio between the number of tritium 
nuclei co the number of hest nuclei is around) 1:1, 

this ratio makes these targets inferior to gas targets. 
Finally, the neutron background resulting from un- 
wanted reactions was also unacceptably high. 

Gas targets require the use of metal foils 
and thus carry the risk of leaks, which is a very 
serious problem, in case of tritium, because of its 
radioactivity. However, gas targets have the Pageants 
thaw meamlarde =rationo sk oF atoms to foil atoms can be 
obtained. 

A neutron production facility using tritium gas 
has now been commissioned at the Nuclear Research 
Center of the University of Alberta (So 71). 

It is hoped that, the work described in this thesis can 
be extended using the higher energy polarized neutrons 
available from this facility. 

In the present work, the reaction "pet Hen) Cc 
was used to produce polarized neutrons with a polariza- 
Croneor 044+ 00,0081(De 76) atvea laboratory anglesor 
S020 USing 5.40 0MevV 4e-particles the neutrons have 
aneenergy of 10), /02°0.25 Mey. 

The solid beryllium targets used were prepared 
by evaporating commercial beryllium metal (>99% purity) 


onto tantalum backings (0.02" thick x 25" diameter). 
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Target thicknesses were always kept under 0.8 mg /em* 
Ore tessethan 015 Mev thack for tHe-energy Obe>. aeueVs 
These targets, provided with simple air cooling, were 
able Co withstand beam currents of 3.5 wa for several 
days. Under these conditions a neutron flux of about 
6 x 10° neutrons/sec.ua.sr was obtained. 

Fig. 3.1 shows a neutron time-of-flight spec- 
trum taken at a laboratory angle of 30.0° and a-energy 


of 5.4 MeV. 


Se opine ROcCALLON 
As has been mentioned in Chapter 2, Hillman et. 

al. (Hi 56a) were the first to use the spin precession 

method in neutron polarization experiments. Since that 

time this method has been used by several groups (e.g. 

HieoOa wiDUsGI WoroZ,s Bry leand Naw 2) eA tnese 

groups have used conventional solenoids to rotate 

neutron spin by +90. Conventional solenoids suffer 
from the following disadvantages: 

1) A very large electric current (of the order of 
500 amps) is needed to produce a strong enough 
Magnetic field to rotate the neutron spin by 
OO SF 

2) Due to the relatively low axial magnetic field 
which can be attained, conventional solenoids 


have to be very long, thus the scatterer has to 
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Figure 3.1 - Typical time-of-flight spectrum of 


neutrons produced by the eet a Henn ae 


CG 
reaction taken at the laboratory 


angle of 30°. 
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be placed a large distance away from the neutron 

SOULCC a hice Lestils sein. aa severe Petite 

in the neutron flux at the scatterer. 

New developments in the technology of super- 
conductors and cryogenics during the last five years 
make it possible now to design short superconducting 
solenoids to rotate neutron spins with the following 
advantages: 

1) Superconducting solenoids could be designed to 
provide magnetic fields of more than 100 KG, 

2) Superconducting solenoids are very efficient in 
transforming electric energy to magnetic energy. 
The number of turns per unit length is much higher 
for superconducting solenoids than for conven= 
tional ones. Much smaller power supplies will 
be suitable for superconducting solenoids. In 
addition, once the current flows, the supply can 
in fact be "disconnected" using a persistent 
switch. 

Sy) The homogeneity and stability of superconducting 
solenoids are much better than those of conven- 
tional solenoids. 

The only disadvantage of superconducting magnets is the 

necessity to have a large supply of liquid helium, 


Table 3.2 shows a comparison between some conventional 
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solenoids and the superconducting solenoid used in the 
present work. All the figures in this table are given 
for the precession of the spin of 24.0 MeV neutrons 
Dy ao Ur. 0iee 

The solenoid system which was used in this 
experiment was manufactured by "Superconductivity-Helium- 
BEGetronics, S.H.E. Manufacturing Corporation”, London, 
England. It is composed of a superconducting solenoid 
with a persistent switch, a liquid helium dewar with a 
room temperature air bore along the solenoid axis and a 
power supply. Fig. 3.2 shows the position of the 
solenoid within the experimental set-up. A detailed 


description of the system is given in Appendix B. 


Sash feline eliate 

The use of time-of-flight technique in neutron 
scattering experiments will help in differentiating 
between neutron scattered from the scatterer and 
neutrons coming directly from the source. Unfortunately, 
this is not true under certain kinematic and geometrical 
conditions. Direct neutrons leaving the source at a 
larger reaction angle have energies less than those 
scattered into the detector, and they follow a shorter 
Dagh.eeAt some detector positions, the combination 
Waianae flight path and energy will allow direct and 


scattered neutrons to arrive at the detector at exactly 
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Fugureso.2)-) General experimental set up. 
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the same time. Source or detector shielding or a 
combination of both is the only solution to this 
problem. In the present work both types of shielding 
were used and will be described in detail in the 


following sections. 


soe DOULCe ohlelding 

Fig. 3.3 shows the local source shielding. 
It consists of blocks of lead,iron and "heavy metal"’. 
These blocks were built around the neutron source on 
three sides. ~The front is built Lrom Veadeblocks 
(6" x12" x 2" thick). In the middle plane the lead 
blocks were replaced by heavy metal blocks, and contained 
two tapered slots, one along the 30.0° line to collimate 
the neutron beam on the scatterer placed about a meter 
away from the source. The other slot was cut along the 
OC ebines to allow monitoming the: 0° neutroneilux,. | thas 
shield also helps to reduce the general background 
inside the target room and around other parts of the 
laboratory. To reduce the number of neutrons reaching 
the floor and bouncing back to the detector, the whole 
source shielding sits on the top of an aluminum tank full 
of water. The whole set-up, the tank and shield, is 
movable on six air pads. 
(peer nn fe ee eee 
i "Heavy metal" is the commercial name of the following 


mixture: Tungsten (903), Copper, Nickel, Iron and Molybdenum. 
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Figure 3.3 - Source shielding. 
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3.3.2 The Large Scattering Angle Shield 

By large scattering angle we mean, scattering 
angles of more than 15°. The set-up is shown in fig. 
3.4. Fig. 3.5 shows the details of the detector 
shield used. 

AS*shown “ingtag.85. 09 the frone parte otecnersiield 
is composed of eleven iron plates. The three plates in 
the mid-plane were cut into two parts and their surfaces 
machined. The back of the shield is composed of eight 
iron plates arranged to form a parallelepiped with a 
trapezoidal base. It has two iron plates on each side, 
two on the top and two at the bottom. The parallelepiped 
is filled with paraffin wax mixed with Boron powder in 
the ratio 8:1 by weight. All these parts were arranged 
with a tapered slot in the mid-plane with the same 
cross-sectional area as the detector at one end and 
Narrowing down to. a little larger than the scatterer 
size at the front. The detector is surrounded by 2" 
thick lead cylinder. In this arrangement, many of those 
neutrons which leave the source at angles other than 30° 
will be absorbed or scattered in the lead and heavy 
metal shield around the source. They will be further 
reduced in number and moderated in the iron plates of 
the detector shield. In this way the borated wax will 
be effective in absorbing many of these low energy 


neutrons. Finally, the lead around the detector will 
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Figure 3.4 - Large angle experimental set up. 
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Figure 3.5 - Detector shield. 
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serve as a shield against gamma-rays produced by neutron 
captured in the iron and borated wax. The shield is 
built on the top of a special frame which can be moved 
on four air pads. The whole structure weighs about 


a0. CONS. 


3.3.3 Small Scattering Angle Shield 

Bucher et. al. (Bu 73) have summarized possible 
geometries for small angle scattering measurements. 
These geometries are sketched in fig. 3.6. 
a) Ring Geometry: In this geometry a scatterer 
in the form of a ring is used. A shadow bar is placed 
between the source and the detector along the axis of 
the ring. In this arrangement the scattered counting 
rate is optimized since the scatterer represents the 
generation of a surface of constant scattering angle. 
However, in this geometry the measurements suffer from 
Na ghecontrs button from ain Scattering.» (Purthermore, 
the minimum scattering angle will be severely limited. 
In addition, this geometry will not be suitable for 
polarization measurements because the detector will 
see neutrons scattered to the left and to the right 
simultaneously. 

Bucher et. al. (Bu 73) modified the ring geo- 


metry to use more than one detector. This*Mmodirhication, 


edb ni ar & 


ei SLs 


eng y aes eloty. at? 9 42 


4 


” nt 
biatde@estpia! ees Seas i 
<< wer oe wy 
af vey Bes (Sackoe APee Ley vA he hier soften | 
i an ’ 7 
9 f : ' a" L% : 
aifage tebe: Guapebee slodk tieenis8: sities ad ap | 
* i . : | 


a4 ph ab Ly ras ay Nee (2 aheam a 
) : 
LALO A ida roy ei ro vid eer) gree | 4 ts 
ee — 


4 aw 


a £ : ‘ y ~ 7 aa 
wf. Ae : ty ald at a 3 at anot a doll 
' i 7 7 


- 


. i ; sod 
7 eing 219 wilh yesoetear ais Eade ' aetnGs ons at hte a 
- 
, 
prisnnoy (fees yea snd yreneuite tac aiats ‘a one) 
ely mins=45 40 ssasdegave eit soare hatte ra : 
rn : 9 a0 as 
aT ae i iat CABIano4 to. £o8F ue a Wm 
= 
qe Aeslts& =7eeantgpom Bue ga seme ing ai re] a hoe 


gS emery 14 yas =e? oad a 18 mort ied 


: Z 
bare lt “ings gor) sx cit ehyaté corny ahie einen 
’ oh ; 7 : 


nt oLaezive ved sar thaw enone anes snorgabh, 7 al a 


+4 Sa fy - 


I fw nga tiara ani seri mn nana a 
ios 
‘et ag aise Bas! tial, old vies hauanin 


io | 
a ; 


| pros 


ee a 


‘ez 


- OO <tee.. 


BaTeTA 


a | sibs 


* ie 
Ps % 
fl) 


Pee i 


P ; aX wrmtons POiVsI9ASe to 2egurvs 
tate Ty) 


. Yiteroep puck tia 


{q = ? 
- i ae y ip or a | bE Is ‘ i2 le 
ee 


7 hadnt hel. pide tow — 
’ 7 ; — ba ra ‘3 cd i Bi. ted 4 “Ape te — 
ra cha aA aD 


A 


Py a, ied IS) 


Lele 


Mb <a i =» ae. ine “ee 


12a =~ 8.6 @tep ty 


Figure 3.6 - Basic types of scattering geometry. 
a) Ring geometry 
b) Shielded source geometry 


c) Shielded detector geometry 
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also, reduced the contribution from air scattering. 
In spite of these improvements to the ring geometry, 
iieecould notsbe used@forepolarization measurements, 
because of the same reason mentioned above. 
b) Shielded Source Geometry: In this geometry 
the source is shielded completely allowing only a small 
pOLreLoneoLy theineutrons®torgo: through. Theemain advan-— 
tage of this geometry is that it provides a well 
collimated beam with minimum background. This geometry 
does, however, require a massive shielding SPaaaGuraie 
source. 
CS) Another method is the shielded detector geometry 
in which one shields the detector in such a way that it 
can see only neutrens coming from a Certain direction. 
This method, especially when accompanied with time-of- 
flight measurements, will require much less shielding 
material than that required in the shielded source 
geometry. One disadvantage of this method is that one 
Willehavestobualdpaushiield for each detectorsrestrice— 
ing the number of detectors which could be used. 

We have found that, for the large angle measure- 
ments, a combination of source and detector shielding a 
good compromise. 

For small angle measurements, the need for a 
very well collimated beam requires a well shielded 


source. In addition, this geometry (shielded source) 
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allows one to use more than one detector simultaneously. 
This compensates for the loss in count rate due to the 
small solid angle available. 

The geometry used in the small angle measure- 
ments is shown in fig. 3.7. In this set-up we used the 
detector shield,of the large angle set-up, to provide 
extra collimation of the neutron beam. Three detectors 
were used to record the yield at three different angles 


Simultaneously. 
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Figure s./7 = Experimental set up for smad 1 


angle scattering. 
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CHAPTER 4 


NEUTRON-NUCLEUS ELECTROMAGNETIC INTERACTION 


Ae EE LOauct Lon 

The contribution of the short range nuclear 
forces to the scattering of neutrons at small angles 
is very small. One should expect a large contribu- 
tion in this region from the long range interactions 
like the interaction between the magnetic and electric 
moments of the incident neutron and the electric field 
of the target nucleus. If these interactions, like 
the nuclear, are spin dependent, they are expected to 
affect the polarization as well as the cross-section 
of the scattered neutrons in their region o£ influence. 
The contribution of the interactions to the total 


interaction potential can be written as: 


V(r) = V_, (¥) + V, (*) 
where 
V,(r) = Alu | <5 ¢,(4) Ls (4.1) 
Mac 
and 
Mg, sa 22 
ESAS) geri > Ott) De Be > az e >, (r) CL) 


where V_(r) is the magnetic interaction potential, 
m 


vV_(r) is the electric interaction potential, 
e 
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Wy = ~1.9135 is the neutron magnetic moment, in 
nuclear magnetons, 

ze is the nuclear charge, 

b(t) is the radial dependence of the magnetic 
interaction, 

ié is the orbital angular momentum of the neutron 
Neigh Ub Bhiaic| Cope 7Aly, 

Sg is the spin angular momentum of the neutron in 
Cheecs} Ge wn 


9 


Br) is the radial dependence of the electric 


interaction, 
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p is the induced electric dipole moment of the neutron, 


> 
E is the nuclear electric field of the nucleus, 


a is the néutron polarizability. 


Mott (Mo 29) was the first to recognize the 
effect of the magnetic interaction (the interaction 
between the magnetic moment of the projectile and the 
electric field of the target nucleus) on the polariza- 
tion of electrons scattered from nuclei. Schwinger 
(Sc 48) pointed out the importance of the magnetic 
interaction in the neutron-nucleus interaction. From 
now on we.wi.ll refer to this interaction as) “Mott— 
Schwinger interaction" or "M-S interaction" for short. 
Schwinger used the potential of equation (4.1) ina 
plane wave approximation to calculate the polarization 


and cross-section of neutrons scattered at small angles 


ie. 
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from heavy nuclei. His results predicted a pronounced 
effect in this region, e.g. a 1.0 MeV neutron beam 
will be, practically, completely polarized upon 
scattering from*Pofatel.5°...The angle of maximum 


polarization was given by Schwinger as 


2 
Pe el aE ze fi 
O eecan) [> once oe) McR! (4.3) 
where R is the nuclear radius. On the other hand, the 


scattering cross-section is given by 


o(0) = a (0) + [5 1 Sy oe (4.4) 
where O., (8) is the contribution of the short range 
nuclear interaction. Equation (4.3) shows that the 
angle of maximum polarization will slowly increase 
with the increase in the nuclear charge. The M-S 
contribution to the cross-section falls very rapidly 
with increasing scattering angle. 

The M-S effect with a reversed sign should 
appear for protons. The large polarization produced 
by the M-S interaction, for protons, will be destroyed 
to some extent by the (strong forward) coulomb inter- 
action. However, Eriksson (Er 56) and Heckrotte (He 
56) have calculated the effect of M-S interaction on 
the scattering of 130 and 300 MeV protons from several 


nuclei using WKB approximation and found that it is 


noticeable up to 10°. 
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A considerable amount of experimental and 
theoretical work has been reported on small angle © 
Scatcaring of neutrons. There are several reasons 
for the special interest in studying small angle 
scattering of neutrons, namely 
1) These studies will contribute to the under- 
standing of the electromagnetic long range interac- 
ar Onsr. 

2) The large contribution of these interactions 

to the cross-section and polarization in the small 
angle region makes possible the design of very efficient 
polarized neutron sources and polarization analysers. 
3) Recently Bucher and Hollandworth Buh 5.) 
pointed out that the selection of optical model para- 
meters, which would at small angles accurately 
represent the scattering effects of the short range 
nuclear interactions, require a sizable body of small 
angle data over a broad range of energies and nuclei. 

In what follows we will try to examine the 
experimental and theoretical evidence of the existence 
of the M-S and electric interactions. Voss and Willson 
(Vo 56) were the first to use small angle scattering as 
a neutron polarization analyser. They used the (p,n) 
reaction on Be and C to produce 100 MeV polarized 
neutrons. Using Schwinger's theory (Sc 48) they cal- 


culated the polarization of these neutrons upon 
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scattering from uranium in the angular range of Z- livces 
The asymmetries of neutrons scattered from uranium in 
this angular range were measured. Using their measure- 
ments and Schwinger's calculations they were able to 
estimate the polarization of neutrons produced by the 
(p,n) reactions. Recently this idea has been developed 
further and a new polarimeters has been reported 

(Ma 71, Ga 73 and Ga 75) in which the small angle 
neutron, scattering from Cu, Pb.and U has been used 

to measure the polarization of neutrons produced by 

the eridenHe reaction. 

Although Voss and Willson's (Vo 56) experiments 
proved the existence of the M-S interaction, the exis- 
tence of the interaction between the induced electric 
moment of the neutron and the electric field of the 
nucleus (the electric interaction) continues to be the 
Subjectyot.a, long standing controversy... The existence 
of such an interaction will manifest itself, as 
Aleksandrov and Bondarenko (Al 56) and Barashenkov 


et. al. (Ba 57a) have suggested, in an anomalous 


increase in the cross-section at small scattering 


angles which cannot be explained by the M-S interaction. 


The electric interaction will not affect the polariza- 
tion of the scattered neutrons because the interaction 
potential (equation (4.2)) is spin independent. The 


question, of the existence of the electric interaction, 
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has been taken up, experimentally and eee re ically, 
by several authors. This question has not been settled 
yet as we will see by examining the ay eee eae and 
theoretical work available. 

Aleksandrov (Al 57) measured the differential 
cross-section for neutrons scattered from Pu, U, Sn, 
Phy Baw andeCuVinsthesangullar range ‘ofe4atoe2z5oeeeTne 
neutron beam used was extracted from a nuclear reactor 
with a mean energy of 2 MeV with a large energy spread. 
Ateeresubtracting the quantity y7cot? (8/2) where 
Y= > u i/me) (ze*/Ke) from the measured cross-section 
he noticed that Pu and U have a sharp rise in the cross- 
section at angles less than 11°. The increase in the 
cross-sections for the other nuclei is within the 
limits of the experimental error. He concluded that 
this rise in the cross-section could be a result of 
GNeWEROMepOlaGrzabilli ty Ol “the order om (0.0 Pees) x100 7 
cm? or due to some other reasons. 

Thaler wcrh 59) *pointed out *that; using “ochner 


methods like pion-photo production sets limit on the 


neutron polarizability coefficient o 
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and concluded that it is very unlikely that any effect 


on neutron-nucleus scattering can be observed. 
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Aleksandrov et. al. (Al 61) measured the cross- 
section for 0.8 and 2.8 MeV neutrons scattered from Thy 
U and Cu. Once again they reported a sharp increase 
in the scattering cross-section of U and Th nuclei at 
2.8 MeV for angles less than 10° which could not be 
accounted for by a M-S contribution. 

Dukarvich and Dyumin (Du 63) investigated the 
effect under improved experimental conditions using 
14.2 MeV neutrons, produced by the T(d,n) reaction. 

A cross-section greater than the M-S cross-section was 
observed for Th, U and Pu and the authors suggested 
that the effect might be connected with specific fea- 
tures of fissionable nuclei. 

Walt and Fossan (Wa 65) used the optical model 
and considered the interference between the nuclear 
and the electric interactions to.calculate scattering 
cross-section of 0.57 MeV neutrons scattered from 
uranium.» Comparing these calculations »to sthéirrex- 
perimental results they estimated an upper limit for 
a of 2 x iLO mamone torre They attributed the difference 
between their result and that obtained by Aleksandrov 
Gtenala AieG eetosthestactethalbethe interterence 
between nuclear and electric interactions is cons- 


tructive in Aleksandrov case and destructive in their 


case. 
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An extensive experimental and theoretical study 
of the small angle scattering of 0.83 MeV neutrons from 
uranium was done by Elwyn et. al. (El 66). These 
authors confirmed the idea that the interference 
between the nuclear and electric interactions (We 59) 
could be either constructive or destructive. They also 
Suggested that the neutron polarizability would be 
somewhere between 4 & 8 “ee cm? provided that the 
only interactions were nuclear, M-S and electric. 

They were also inclined to accept the idea that the 
enhancement of the cross-section at small energies is 
due to some fission related process. Their judgment 
was based on the fact that the enhancement was observed 
ate. Meve (Aleo/) and not. at.0.57aMeVa.(War65)  s(since 
the fission threshold is at about 0.6 MeV with a strong 
energy dependence in the cross-section). 

Gorlove.et., al... (Go,.67, and Go.68) measured the 
cross-section of 4.0 MeV neutrons scattered from Cu, 
inane lbw Bisands Use Lh thesangudarngranges2—2i eae he 
authors concluded that their experimental results 
can be well described under the assumption that only 
nuclear and M-S interactions exist. 

Kuchnir et. al. (Ku 68) measured the cross- 
section and polarization of 0.6-1.6 MeV neutrons 
scattered from U, Th, Pb, Au, W and Cd in the angular 


range of 1.75-15°. Adam et. al. (Ad 68) measured the 
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cross-section of 14.7 MeV neutrons scattered from 
uranium between 4-90°. The data of Adam et. al. and 
Kuchnir et. al. did not show any enhancement. How- 
ever, Anikin and Kotukhov (An 70 and An 71) reported 
an improvement in fitting cross-section of 0.57-8.4 
MeV neutrons scattered from U, Pb and Cu between 
2.5-25°. This improvement was the result of adding 
an electric interaction with a = De ie cm? to the 
nuclear and M-S interactions. 

Palla (Pa 71) was also able to get a good fit 
to the 14 MeV data on U and Th using the coupled 
differential equation formalism of Tamura (Ta 65) 
which includes nuclear deformation. 

It seems, from the above review, that the 
effect of the electric interaction on neutron-nucleus 
scattering is small. Although there is no strong 
evidence against its existence, there is however 
Hous brongwevadences forgits xistence.~)1t is ampor— 
fant to mention that much of the experimental data, 
which exhibited an enhancement in the cross-section, 
have been taken with neutron beams extracted from 
nuclear reactors. Such beams are not monoenergetic 
and are usually characterized by a large energy spread. 
In conclusion, one can safely consider only the nuclear 
and the M-S interactions when making predictions of 


observables in small angle region for neutron-nucleus 
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scattering. 


4,2 Theoretical Calculations 

In The ueaetien we will review the theoretical 
calculation of the effect of the M-S interaction on 
neutron-nucleus scattering. Several authors used 
different approaches to perform the calculations. 
Before reviewing these different approaches we will 
treat the problem in detail using the plane wave Born 
approximation "PWBA". Schwinger (Sc 48) was the first 
to apply the PWBA to the problem. 

Ther contribution of the M=S interaction to the 
scattering amplitude in the PWBA can be written as 


(De 64) 


2 ; 
M-S x [|e Via (re hie (425) 
27h 


where Ks. and Ke are the initial and final wave vectors 


and m* is the reduced mass. Using equation (4.1) we 
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The operator L-S can be written as 
See ee oe eg nD 
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where o is the Pauli spin operator and Dp is the linear 


momentum of the neutron. Substituting equation 


into equation (4.6) we get 
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Using equations (4.8) and (4.9) By-g becomes 


we cman 2 


81k“sin (6/2) cos (6/2) pan 
4k“sin* (6/2) 


2 
* A 
et oe COoLle/2) oan. (4.10) 
Pinos 
2m c 


Equation (2.42) can now be written as 


M=A+(B+B ei Cam) 
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Using equation (4.11) in equations (2.43) and (2.44) we 
‘can get expressions for the cross-section and polariza- 
ELON. 

Sample (Sa 56) used perturbation theory to 
calculate the M-S contribution. If one assumes that 


the M-S interaction is small,then the Schrodinger equation 
Bee Se (amen 


where 


k = 2mE/A* and ¢ = 2|u,| > 


could be reduced, according to the first order pertur- 


bation, to 


3 (4.16) 
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approximation to sete equation (4.13). His results 
agreed well with Schwinger results. 

In the early 1960's numerical routines have 
been developed for optical model calculations of 
nucleon-nucleus scattering. Monahan and Elwyn (Mo 64) 
considered the scattering of neutrons from a spherically 


symmetric potential V(r) that can be written in the form 


V(r) = V, (x) Ne (Z) (4.14) 
where 

Voc) 0 EOC a Eecals 
and 

V5 (xr) = 0 open ie XS roo 


Both V, (r) and V, (r) May contain a spin orbit term, 
while ry can be chosen in such a way that V, (r) can 

be treated as a perturbation. It is important to 
mention here that a numerical solution to this problem 
is much more difficult than the numerical solution in 
case V5 (r) =Omtonsaller?e Wlhis@is®simplyebecauseso£ 
the range of the potentials V, (4) and Vo (4). The 
potential V, (rv) is of short range, and ry is of the 
order of magnitude of the range of the nuclear forces. 
The inclusion of the potential V(r), that extends to 
distances of the order of atomic radius, has the effect 


that the interval, over which the radial equation must 
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be integrated, is increased by several orders of mag- 
nitude. Furthermore, the number of partial waves 

that contribute significantly to the scattering is 
greatly increased. To avoid this, Monahan and Elwyn 
(Mo 64) derived an approximate formula for phase shifts 
which includes both potentials, V, (Y) and Vo (r). The 
results of these calculations showed that the effect 

of the M-S interaction on the polarization can extend 
to scattering angles as large as 24° for neutrons with 
energies less than 1 MeV. 

Redmond (Re 65) pointed out that Monahan and 
Elwyn's (Mo 64) first order correction to the Born 
approximation can be an over-correction and proposed 
a more accurate approximation using a technique whereby 
a phase shift function is calculated at successive 
distances from the origin in step-wise manner. 

Hogan and Seyler (Ho 69) derived expressions 
for scattering amplitudes using a potential like the 
one used by Monahan and Elwyn (Mo 64). These expressions 
were found to converge slowly when the M-S interaction 
is included, so it is accurate enough for low partial 
waves. Since the PWBA is accurate enough for large 
partial waves, it has been used to account for the 
contribution above a certain appropriate cut-off value. 
Hogan and Seyler used that approach to calculate the 


cross-section and polarizations for neutron with energies 
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of 0.5, 1.0, 7.0, 14.0 and 24.0 Mev scattered from 

Al, Mn, Nb and Bi. They concluded: 

ale) The differential cross-section is influenced 
only at angles x2° or less. 

2) The polarization can be influenced at much 
larger angles, primarily at angles which lie 
near minima in the cross-section. 

3) For energies and nuclei considered, the M-S 
influence tends to be large for large z and 
small E, although the "large-angle" effect 
is not present for E<1 MeV. 

4) Use of plane wave approximation to compute 
that part of the phase shifts due to the M-S 
potential is found to be entirely adequate for 
all cases considered. 

A DWBA calculation for the electromagnetic 
effect in neutron elastic scattering was proposed and 
Garried, outsby Sherif (Sh 71). in this, method a 
potential of the form (4.14) is used with V, (r) as the 
short range nuclear optical potential and V(r) as the 
long range weak electromagnetic potential of equation 


(4.1). The scattering amplitude can be written as 
pe Ane ae (4.15) 


where 
a <$|v, (x) |x ‘*)> (A516) 
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is the scattering amplitude due to the nuclear potential 


alone, and 
tues = <p Jv, (x) |x > (Are) 


is the amplitude due to the M-S interaction term. In 
the above equations ¢ is a plane wave, y is the optical 
model distorted wave function and y is the total scatter- 
ing wave function. 


Using the DWBA one can replace wW by yx and get: 


tues = ay wt Iv, (r) iy t) > 3 (4.18) 


In solving equation (4.18) one will be faced with the 


long range problem mentioned above. If partial wave 


Re Hoechosenslarge*enough such that 
oe) er oe (4.19) 


where Oo is the nuclear phase shift, then all partial 
Cc 

waves with 2 > Re are not affected by theynuclear po= 

tential and can be considered as components of a plane 


wave. Now x can be expanded as 
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C 
where Ao are partial waves generated using a nuclear 


optical potential and Po are the components of a plane 


wave solution. The contribution of each term of 
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equation (4.20) is calculated in the following manner. 
Tnecnewregion of. space 0e< ri< Rye where R, is the 
distance from the center of the nucleus beyond which 
the nuclear potential vanishes, the radial Dart of Ne 
is generated by the optical potential and the integra- 
tion could be carried out numerically. do will have no 
contribution,in, this «region. 

In the region of space where Ro S Gisn.©. pehe 
asymptotic form 

1 21d, . 216, 

xi (1+ e Lede es S) i(l-e )n, (kr) ] (47219 
is used for the radial part of Ay and the integration 


could be done analytically. The contribution of do can 


be written as 


(4.22) 
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where @ is the complete plane wave. The contribution 
of these two terms in (4.22) can also be carried out 
analytically. It is a simple process to incorporate 


the amplitude f calculated in this way, in any 


M-S’ 
optical model program. 
A comparison between the DWBA method and PWBA 


calculation proved that the two methods differ at angles 


larger than about 6°. 
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CHAPTER 5 


MEASUREMENT OF POLARIZATION AND CROSS SECTION OF 


10 MeV NEUTRONS SCATTERED FROM LEAD AND BISMUTH 


\, introduction 


Some cross sections for small angle neutron 
scattering (8 ¢ 15°) from Pb and Bi have been measured 
previously. Most of these measurements were taken at 
neutron energies below 4.5 MeV (Al 56, Al 57, Go 67, 
Rug6o9uGo 668,tAn 70); aMae71ieGas73vandeMap/sien4 erhe 
purpose of most of these studies was to look for evidence 
for the existence of an interaction between the induced 
neutron electric moment and the Coulomb field of the 
nucleus. Some of these experiments were performed using 
neutron beams extracted from nuclear reactors, resulting 
in large uncertainties in the incident neutron energy. 
Better quality data were reported at a neutron energy 
of 14 Mev. The neutrons were produced by the T(d,n) “He 
reaction (Co 58, Du 63 and Be 73). Measurements in the 
energy range of 5-8 MeV have also been reported (An 70 
and Bu 73). Recently, Bucher and Hollandsworth (Bu 75 
Bu 75a) measured the cross section for the scattering 
of 7-14 MeV neutrons from Pb and Bi in the angular range 


of 3-15°. These authors found that equivalent local 
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potential of Wilmore and Hodgson (Wi 64) gave a better 
fit to the data than that obtained using the local 
optical potential of Rosen et al (Ro 65). 

Small angle polarization measurements on Pb 
and Bi are far less numerous. Only three sets of 
measurements have been reported; at neutron energies 
of 4 MeV by Gorlove et al (Go 67 and Go 68), 3 MeV by 
Galloway and Maayouf (Ga 72 and Ga 73) and finally at 
2.45 MeV by Drigo et al (Dr 73). Drigo's measurements 
showed a systematic difference between Pb and Bi. The 
magnitude of the polarization of neutrons scattered 
from Pb was significantly smaller than that of neutrons 
scattered from Bi. 

Scattering of neutrons from Pb arid Bi have been 
examined previously at a number of different neutron 
energies for angles larger than 10 degrees. The 
purpose of most of these measurements was to obtain 
differential cross sections and polarizations for 
optical model analysis. Most of the measurements below 
9 MeV neutron energy were compiled by Perey and Perey 
(Pe 74). Several measurements at 14 MeV were reported 
and listed by Brramuspe (Er 67). Finally, the 24 Mev 
measurements are listed by Satchler (Sa 67). 


The above review reveals a situation which can 


be summarized as follows: 
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i) There are no polarization measurements in the 
small angle region above 4.0 MeV neutron energy. 
2) There are no cross section measurements at 
10 MeV in the small angle region. 
3) There is a gap at 10 MeV in the cross section 
and polarization data for the large angle region. 
4) The difference in the polarization of 2.45 MeV 
neutrons scattered from Pb and Bi reported by Drigo 
et al (Dr 73), if confirmed, would be very important. 
Such a difference might be an indication of the eters 
of some sort of long range interaction different from 
the M-~S anteraction. Obviously, this difference need 
further investigation. 
5) There are three sets of optical model parameters 
(Ro 65, Wi 64 and Be 69) which are often used to fit 
neutron data. The potentials are quite different and 
it is important to determine which represents the data 
best. 

In the present work the facility described in 
Chapter 3 was used to measure the polarization and the 
differential cross section of 10 MeV neutrons scattered 
from Pb and Bi in the angular range of 1.5-65° the 


details of the experimental method will be given below. 
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Beer ocatcerers 


The scatterers used were solid cylinders of 
Pb and Bi. Each cylinder was 3" high and 1" in 
diameter. The Pb cylinder weighed 426.7 gm while 
the Bi weighed 367.1 gm. These cylinders were made 
by pouring molten metals into hollow brass cylinders 
which had removable plugs at the bottom. After the 
metals had solidified the plugs were removed and the 
solid metal cylinders were pushed out of the brass 


cylinders. 


5.3 Detectors 


In the early stages of small angle measurements 
attempts were made to use a "long detector" (Ne 70). 
The long detector consists of NE 213 liquid scintillator 
encapsulated in a glass tube, three feet long and two 
inch in diameter. Each end of the scintillator is 
viewed by an RCA 8575 photomultiplier. Figure 5.1 
shows a schematic diagram of the long detector as used 
in neutron elastic scattering experiment. As shown 
Pie tie we.gure ioe is the time taken by the neutron to 
fly from the neutron source to the scatterer. The time 
"t" is the neutron flight time between the scatterer 
and the long detector. The time "ty" Lspche sums. 
eee Ne" and the transit time Ha ei Of the Light, 


produced inside the scintillator, over the distance "x". 
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Figure 5.1 - Basic principle of the long 


detector. 
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Similarly "to" is the sum of aCe, ttemandathesignt 


transit time " "over "%-x" where 2 is the length 
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The measured times ty and t. were digitized and fed to 
an on-line computer. The computer then computed te 
and the corresponding time "t". The whole time 
spectrum was then divided into 16 bins. Each bin 

so selected contained time of flight information for 
neutrons hitting 16 successive sections of the scintil- 
lator each two inches in diameter and 2.5 inches long. 
If the scintillator is 130 inches away from the 
scatterer, then the scintillator will act as 16 small 
detectors separated from each other by one degree. 

The main advantage of this type of detector is that 


the electronics necessary to operate it is almost the 


(3.00 ia hee a ay 


ge ge, non Sextieene eee 
tinal hcl 


same as the electronics needed to operate a single 
detector placed at a single angle. Unfortunately, 
when the first bin, of the long detector, was placed 
at 2°, relative to the direction of the incident 
neutron beam, the unscattered neutron beam hit the 
photomultiplier tube. This resulted in a large number 
of neutrons being scattered from the photo tube into 
the scintillator resulting in a background which made 
Re impossible to obtain any useful information from 
the first seven bins which covered the region of 
interest. 

Three small detectors were eventually used to 
collect the data presented in this thesis. They were 
NEPZlomligquida scintcrllators each 3" highyby, 2y 
diameter. Each was ae by an RCANS5/5sohnoto-— 
unico eee tube. The aluminum plate shown in figure 
5.2 was used to fix the relative position of the three 
detectors and to move them together without any change 
in their relative position. An aluminum bar, 
ral ie las 150" was coupled to the edge of the plate. 

The end of the bar, in turn, hinged at a point directly 
below the scatterer. When the center of detector #1 
(figure 5.2) was 112.5" away from the center of the 


scatterer, the relative angular positions of the 


detectors are 
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Figure 5.2 - Detectors' holder for small angle 


scattering measurements. 
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8. = Oy taste Dae 
(rae) 
03 = Oo) a ale be 
where Ol 8. and 6, are the angleswhich detectors #1, 


#2 and #3 make with the direction of the incident 
neutron beam, respectively. 

A fourth detector at -30° relative to the 
incident neutron beam was used as a monitor. It was 
arsOucl Nie 2 3eliquidescintil lator,e2. slong ebyuseo. 
diameter. | 

A block diagram of the electronics used with 
each detector is shown in figure 5.3. For a complete 
description of a similar picuie see Hussein (Hu 70). Two 
analog signals from each detector, one for n-‘v 
discrimination and the other for time of flight, were 
digitized by Analog-to-Digit converters. The digitized 
Signals were fed to a Honeywell DDP-516 on-line computer. 
The signals from the n-y discrimination system were 
used to gate the time of flight spectrum in the follow- 
ing way. A digitized window, set on the neutron peak 
in the n-y spectrum, was used by a special code "SORT" 
(Da 72) to select those events which lie within the 
window and route them, as neutron events, into a 1024 
channel spectrum. Those events which lay outside the 


window were channeled to another 1024 channel region. 
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Figure 5.3 - Block diagram of time-of-flight 


electronics with n-y separation. 
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The large angle measurements were taken using 
two identical detectors. The detectors were NE 213 
scintillators 3.5" diameter and 2" long. One of 
these detectors, placed inside the detector shield 
of figure 3.5, was rotated around the scatterer to 
detect scattered neutrons at different angles between 
15 and 65°. The other detector was fixed at -30° 
relative to the incident neutron beam and was used as 
a monitor. The electronics used was identical to that 
used in the small angle measurements. | 

Figure 5.4 shows the examples of the following 
time of flight spectra. (a) is an unsorted (i.e. without 
n-y separation) spectrum with the scatterer in. (hb) 
is the sorted neutron spectrum with the scatterer in. 
(c) is the same as (b) with the scatterer out. (d) is 
the difference between (b) and (c) (i.e. (In-out) 
spectrum). This last spectrum is shown magnified in 
figures s> sweetie ssolid) line sunder the T0gMeV peaksis 
the linear background used. All these spectra were 


taken with the magnetic field on. 


5.4 Angular Calibration 


To use equation (5.2) to determine the angular 
position of the detectors one has to determine the po- 


sition of the incident neutron beam which passed 
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Figure 5.4 - Typical time-of-flight spectra for the 
elastic scattering of 10 MeV polarized 
neutrons from Pb at scattering angle 
Ore ln ls 
a) Unsorted spectrum taken with 

scatterer in. 
b) Sorted spectrum with scatterer in. 
c) Sorted spectrum with scatterer out. 
d) In-out spectrum. 
Each spectrum is offset by a Bete 
amount, so that the number indicated 
at the right must be subtracted from 
the ordinate to obtain the correct 


magnitude. 
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Figure 5.5 - This as thessame spectrum=showngin 
figure 5.4d. The straight line 
under the 10 MeV peak is the average 


linear background. 
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through the center of the scatterer. The following 
method was used to determine that position. Detector 
#1 was used to record neutrons at different positions 
measured from an Sid tacrer point on the arc of rotation 
of the detectors. The number of counts was recorded 
twice at each position, once with the scatterer "in" 
and once with the scatterer "out". The ratio R given 


by 


is plotted against the detector position in figure 5.6. 
Nae and Noa are the number of neutrons recorded with 
thesscatterer “out and “ain” respectively. These 
numbers were normalized to a monitor at O° relative to 
the incident a-beam. The ratio R is the fraction of the 
incident neutron beam absorbed in the scatterer and will 
take its maximum value when the detector center and 
the scatterer center are along the direction of the 
incident neutron beam. As shown in figure 5.6 the 
position "6.85" is the center at half maximum and was 
taken as the direction of the incident neutron beam. 

ln 


The error in determining that position is +7 which 


correspond to +0.13° an error much smaller than the 


angular acceptance of the detector. 
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Figure 5.6 - Neutron absorption in the scatterer 


as a function of detector position. 
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5.5 Experimental Results 


Small angle data were taken at two detector 
settings. In the first detector #1 was at an angle 
of 1.6° and in the second setting detector #1 was at 
2.8°. At the first position data were taken in the 


following order: 


a) PD scatterer in’ position -andemagneticeticld off, 
2) Pb scatterer in position and magnetic field on, 
S$) scatterer out and magnetic field on, 

4) scatterer out and magnetic field off, 

5) Bi scatterer in position and field off, and 

6) Bi scatterer in position and field on. 


After detectors were moved to the second position the 
data were taken in the reverse order i.e. starting with 
step 6 and end up with step 1. In this way it was 
ensured that the scatterer was in the same position with 
the field on and off, also time was saved by taking only 
one background run (scatterer out) for the two scatterers, 
The data were collected over three series of runs. 
The total data collection time per series was about 
36 hours for each "scatterer-in" run and 24 hours for 
each "scatterer-out" run. 

The data reduction was performed as follows. 
First, all sorted data were normalized to the monitor 
at -30°, The background under each peak was determined 


by linear extrapolation between the average number of 
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counts per channel on each side of the peak. Using 
Madison convention, as described in Chapter 2, one 


can write 


on on OPS OBE 

SS jp ee = (Nin Nout? Ola Nout? 
oO on on off OL 

(Nin Neegee lw (Nin Neue! 


where € is the asymmetry of the scattered neutrons, 

Po is the polarization of the incident neutron beam, 

P is the analysing power of the scatterer or the 
polarization of the scattered beam and N is the final 
number of counts obtained under the conditions defined 
bys the subserapts.,and superscripts. #"Onieands “or ty 
‘refer to the magnetic field and "in" and "out" refer 
to the scatterer. 

As described in eet 2 BES, een 
gave two well resolved, neutron groups. The ground 
state group was at 10 MeV, having a polarization of 
0.444+0.03 (De 73). The next group was at 5.57 MeV, 
havingea polarization of 0.0740.02 (De  /3). 9) Both 
groups were observed in the time spectra of the elas- 
tically scattered neutrons. Since € = PoP and since 
P could not exceed unity then the asymmetry of the 
scattered 5.57 MeV neutrons could not exceed the value 
Gi Be (0.07). This, thus, provided a check on the 


asymmetry of the scattered 10 MeV neutrons. 
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A computer program was written to calculate ¢ 
and P along with their statistical errors for both 
neutron groups taking into consideration all necessary 
normalizations. 

Figure 5.7 shows the small angle polarization 
results for 10 MeV neutrons. The corresponding small 
angle cross section in absolute units is shown in 
figure 5.10. Figure 5.8 shows the small angle polari- 
ZeeLOn alter being corrected for multiple scattering 
effects (see Appendix A). Small angle asymmetries of 
the 5.57 MeV neutrons group which has been used to check 
on the 10 MeV results are shown in figure 5.9. In 
figure 5.11 the large angle polarization is shown, 
while the corresponding cross section is shown in figure 
5.12. In all of these figures the vertical bars are 
the statistical errorsand the horizontal bars, if any, 
are the combined angular acceptance due width of the 


detector and the scatterer. 
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Figure 5.7 = Small angle polarization of 10) Mev 


neutrons scattered from Pb and Bi. 
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Figure 5.8 - Small angle polarization of 10 Mev 
neutrons scattered from Pb and Bi 
corrected for multiple scattering 


and finite geometry effects. 


% POLARIZATION 


0 


LABORATORY ANGLE (degrees) 
1 2 3 4 5 6 yi 15 


rt} 


O Pb 
ABi - 


eer sgl v@Aiace s 
ee ae ‘ 
én PindAd roan ef 


d9o 
aa 


lO Vttewmyes alone Llane —. 0,4 


ae eas? feretdishe noxrteod 
i, c 


rr 


é 


: 
, 
| 
DPD LLL LALA AAA I AALAND 5 ALES 


avnl (oberg 


Figure 5.9 - Small angle asymmetry of 5.57 MeV 


neutrons scattered from Pb and Bi. 
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Figure 5.10 - Small angle differential cross 
section of 10 MeV neutrons 


scattered from Pb and Bi: 
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Figure 5.11 - Large angle polarization of 10 MeV 


neutrons scattered from Pb and Bi. 
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Figure 5.12 - Large angle differential cross section 
of 10 MeV neutrons scattered from Pb 


and Bi. 
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CHAPTER 6 


COMPARISON WITH THEORETICAL CALCULATIONS 


Cw weer ncerocuction 


The DWBA calculations of the cross section and 
polarization for neutrons elastically scattered from a 
nucleus require the optical model potential of the 
scattering nucleus. There are two different types wi 
optical potentials, local and non-local potentials. 


The local potential is normally written as 


U(r) = VE(X,) + i(W+ 4a, Ww. ax EX) 


‘ Ped Hg 
= Viet Ne Ee) mm ar £(X_,)Leo (6.1) 
with £(x) = (1 + e*)7+ ana 
h rail? 
XxX, = ————, i can be v, wor so 
i as 


where 
Whe ry and ay are the depth, radius and diffuseness of 
the real part of the potential, 


W, W ro and a are the volume depth, surface depth, 


s! 
radius and diffuseness of the imaginary 
part of the potential, and 

VW i@ and aa are the real depth, imaginary depth, 


radius and diffuseness of the spin-orbit 


part of the potential. 
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A non-local potential operating on a wave 
function has the form (Pe 62) 


V(r) = \vG,Enyenar 


To facilitate numerical calculations a separable form 
could be chosen for the non-local potential kernel 


function as 


Re. aur heraper 
Witte) aah 5 ree) 
where 8 is the range of non-locality. "H" is normally 


chosen to be a Gaussian function 


Aa a 5 
Exp [- (==) ] 


H(|r-r'|) = 2/283 
T B 


which is normalized such that 


fuC/E-E' [paz =1., 


If we define 


then U(p) can take exactly the same form as U(r) defined 
in equation. (6.1) with p replacing r. The spin-orbit 
term will stay as a function of r. Wilmore and Hodgson 
(Wi 64) developed a potential which is equivalent to a 
non-local potential i.e. it produces the same results 

as the non-local potential but at the same time 2 GecouLd 
be used by any optical model computer program which 


accepts local potentials only. 
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In general, the optical potential for a parti- 
cular nucleus at a certain energy is found by varying 
in the computer program the ten parameters mentioned 
above, until a best fit, between the theoretical calcu- 
lation and experimental results, is indicated by a ve 
minimization procedure. 

There are three commonly used sets of parameters, 
for neutron elastic scattering from Pb and Bi for neutrons 
in the 10 MeV energy range. They are: 

a) the local potential of Rosen et al (Ro 65). 

The parameters of this potential were obtained by fitting 
proton data and then modified for neutrons. 

b) the equivalent local potential of Wilmore 

and Hodgson (Wi 64), and 

c) the local@potential of ~beccetti andgGreenlees 
(Be 69). 

From now on these potentials will be referred to by the 
symbols RO for potential (a), WH for potential (b) and 
BG for potential (c). 

The parameters of these three potentials are 
given in table 6.1. 

It is often assumed that these potentials will 
give equally good fits to experimental data. However, 
recently, Bucher and Hollandsworth (Bu 75 and Bu 75a) 
have found that the WH potential fits their data for 


small angle scattering of neutrons from Pb and Bi much 
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Table 6.1 


Optical model parameter used in the theoretical calculations 


Rosen et al | Wilmore & Becceti & 
(Ro 65) Hodgson Greenlees 
(Wi 64) 


Parameter 


better than the RO potential. 


6.2 The Program Code "TASHTASH" 


This program was written by Sherif to calculate 
the cross section and polarization of neutrons or protons 
elastically or inelastically scattered from nuclei using 
a DWBA approach. This program takes into account both 
the nuclear and M-S interaction in the manner described 
mecChapter 4° (Sh 71). “This program has been used to 
calculate the polarizations and cross sections for the 
scattering of 10 MeV neutrons from Pb and Bi reported 
in this work. The three optical model sets of parameters 
shown in table 6.1 were used and the results are shown 
in figures 6.1-6.4. | 

Figure 6.1 shows that the three potentials fit 
the small angle polarization with almost the same 
quality. However, figure 6.2 shows that the BG potential 
gives the best fit for the small angle cross section 
while the WH potential is the worst of the three poten- 
tials. If we look now at the large angle polarization 
in figure 6.3 we see again that the BG potential fits 
the data much better than the other potentials and also 
the WH potential provides the poorest fit. For the 
large angle cross section data all three potentials fit 


the forward peak in a reasonable way but thevedir iter 
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Figure 6.1 75— Comparison between theoretical 
calculationsand small angle 


polarization measurements. 
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Figure 6.2 - Comparison between theoretical 
calculations and small angle 


differential cross section. 
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Figure 6.3 - Comparison between theoretical 
calculationsand large angle 


polarization measurements. 
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Figure 6.4 - Comparison between theoretical 
calculations and large angle 


differential cross section. 
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drastically at the second maximum where once again the 
BG potential provides the best fit and the HW potential 
fe the poorest. Thus, one can conclude that the 
Beccetti and Greenlees (Be 69) potential is the best 
potential available to describe neutron elastic scatter- 
ing data at 10 MeV on Pb and Bi. One reason for the 

| poor fit produced by the equivalent local’ potential 

of Wilmore and Hodgson (Wi 64) is that they derived the 
spin-orbit parameters by fitting the cross section at 
backward angles rather than fitting both cross LORE oh 


-and polarization data. 
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CHAPTER 7 
CONCLUSIONS 


A facility for the production of 10 Mev 
polarized neutrons has been designed and built as 
described in Chapter 3. In this facility a combination 
of source and detector shielding along with a super- 
conducting spin rotation magnet makes it possible to 
measure the polarization and cross section of 
scattered neutrons over the angular range of 2-100°. 

A Monte Carlo computer program to correct the polari- 
zation data for finite geometry and multiple scattering 
effects was modified to include the M-S effects. 

The facility has been used to measure the 
polarization and cross section of 10 MeV neutron 
scattered from Pb and Bi in the angular range of 
eo -05"° . 

A comparison of the results of small angle 
measurements on Pb and Bi do not show any significant 
differences. This is in contrast to the situation 
reported by Drigo et al (Dr 73) at 2.45 MeV where 
systematic variation was claimed. This does not rule out 
the possibility that the difference at 2.45 Mev is a real 
one. This difference could be due to some effect such as 


compound nucleus formation which may be more important 
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at that energy. It would be useful to eanece the 
experiment at 2.45 MeV and, if the differences reported 
are confirmed, to study further their energy dependence. 
Where the M-S force dominates the interaction 
between the incident neutron and the scattering nucleus, 
only contributions from high partial waves will be 
Significant. This means that the choice of the optical 
potential should have little effect on the magnitude of 
the polarization and the cross section in this region 
(Sh 71). In the case of scattering from heavy nuclei, 
this will hold true in the angular range below 10° for 
polarization measurements and below 2° for cross 
section. This conclusion has been confirmed by the 
present work. The agreement between the polarization 
measurements and theoretical calculations in the small 
angle region is good and there is little dependence on 
the optical model potential used. Thus, one can have 
confidence in the polarization predictions using the 
M-S interaction. This will facilitate the use of small 
angle scattering in neutron polarimeters. Galloway and 
Maayouf (Ga 72) argued that a well designed small angle 
polarimeter will be as efficient as helium polarimeters. 
With the confidence gained in the theoretical calculations, 
the small angle scattering polarimeter will have the 
advantage that the energy dependence of the analysing 


power of the polarimeter's scattering nucleus could be 
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accurately calculated. 

The three optical potentials used (Table 6.1) 
are actually global potentials obtained Dyer tting 
scattering data for a large number of nuclei over a 
wide range of energies. The RO potential was obtained 
Dyeeleting: proton polarization datarongs, The WH 
potential is the local equivalence of the non-local 
potential of Perey and Buck (Pe 62) and was generated 
bYeLILLIng cross Sections) only. The spin orbit) term 
was obtained by fitting the cross section at backward 
angles. The BG potential is a local global potential 
obtained by fitting cross section and polarization. 

The cross sectionsof 10 MeV neutrons scattered 
from =PbD Or Bi in the angular range of 2 to 50° should 
be very sensitive to the choice of the optical poten- 
tial. Thus, one can use these cross section measure- 
ments and the polarization measurement in the interval 
of 15-65° to test the optical potentials available to 
describe the data. The BG potential produced the best 
fit to all the data presented in this work. The RO 
potential fit is not as good as the BG PiGeou te teas 
definitely better than the WH potential. In particular, 
the small angle cross section is best described by the 
BG potential. All three potentials fitted the forward 
maximum of the large angle cross section data reasonably 


well but at the second maximum the BG potential provided 
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apbetter fit. The large angle polarization is also 
fitted very well by the BG potential and the poorest 
fit was obtained with the WH potential. This is in 
contrast to the result reported by Bucher and 
Hollandsworth (Bu 75 and Bu 75a) who got a superior 
LLopeco eLbe «Sinal langle scattering of 7.14 MeV neutrons 
from Pb and Bi, using the WH potential compared to the 


fit obtained using the RO potential. 
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APPENDIX A 


MULTIPLE SCATTERING CORRECTIONS 


Pot eeeLHcroduction 


Neutron scattering experiments suffer from a 
severe restriction on the flux of incident neutrons. 
To illustrate this one might compare the neutron flux 
typically used in a neutron scattering experiment with 
that of a proton scattering experiment. As has been 


mentioned in Chapter 3 the reaction 7Bet Hernjae 


C has 
been used as a neutron source. The neutron flux coming 
of this reaction at 30° is about 6*x 10° neutron/sec.ua.sr. 
In case of a proton beam provided by a charged particle 
accelerator the proton flux is. 6 ee protons/sec.wpa. 

If the neutron and proton scattering cross sections are 
of the same order of magnitude then, to achieve the 

same statistical accuracy in both experiments,one has 

to run the neutron experiment over a period of time 

much larger than that of a proton experiment. This 
situation can be eased by using large size scatterers. 
This will result in an increase in solid angle and number 
of scattering nuclei. Consequently, the number of 
scattered neutron/sec will increase with a corresponding 
cut in the running time required to achieve a reasonable 
statistical accuracy. Fortunately, in neutron scattering 


experiments one can use as much as 2 moles of scattering 
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material without compromising the energy spread 

of the scattered neutrons. Since nature is not always 
that nice, this simple solution of the flux problem is 
not without serious consequences. ‘Two problems will 
impose themselves due to the use of a large scatterer: 
1) If the cross section and polarization angular 
distributions of the neutron source are not PSOLTOpIC, 
then different sections of scatterer surface will be 
illuminated by different number of neutrons with 
different energies and polarizations. This problem aes 


known as a "finite geometry" problem. 


a) If the scatterer thickness is of the same order 


of magnitude as the mean free path of the neutron in 
the scatterer material, then the neutron will have a 
very good chance to scatter more than once before 
emerging out of the scatterer. This problem is called 
the "multiple scattering" problem. 

The seriousness of these problems will be 
recognized once one remembers that all formulae and 
theoretical relationships are based on the assumption 
that neutrons are scattered from a point scatterer only 
once before being recorded as an event in the detector. 
In particular, equation (2.37) will provide meaningful 
numbers from experimental data only in the absence of 


the problems mentioned above, otherwise, these numbers 


have to be corrected. 
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Correcting the experimental data for multiple 
scattering can be achieved by Calculating the observa- 
bles, under investigation, for ideal condition and for 
real conditions. The ratio between these two estimations 
can provide a correction factor for experimental data. 
Several authors have tried an analytical solution for 
this problem. The analytical solutions involve a 
complex multidimensional integrals which can be per- 
formed either analytically under certain approximations 
or more accurately by numerical methods (see, for example, 
tas, Asie Aspelund and Gustafsson (As 67) have shown that 
Monte Carlo method is much superior to the analytical 
method in accuracy, computing time and computer storage. 
Moreover, the Monte Carlo method will in principle incor- 
porate the essential experimental features by a computer 
Simulation of the experiment. Finally, the Monte Carlo 
method makes it possible to estimate the error in the 
correction factors by calculating their standard devia- 
tions. 

In what will follow we will restrict ourselves 
Houthne process Of correcting the left-right asymmetry 
in elastic scattering experiments using a Monte Carlo 
technique. 

Two Monte Carlo programs were available for 
use at the University of Alberta, PMS1 (Mi 70) and 


MULTP@L (As 67). These two programs are basically 
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doing the same job using the same mathematical formalism 
to track down the polarization of individual neutrons 
scattered more than once inside the scatterer. Neither 
program could be used for scattering angles as small as 
1° where the Mott-Schwinger SCatccering 1s dominant. & 
was found that the program PMS1 was easier to modify to 


include the Mott-Schwinger interaction. 


A.2 The Program PMS1 


The program simulates the experimental Bee ee 
as shown in figure A.1. Thousands of neutron are created 
at the point Xe7Y arse) which defines the location of 
the neutron source relative to an origin at the center 
of the scatterer. These neutrons fly between the source 
and points located at random inside the scatterer. These 
neutrons were assigned the experimental value of the 
energy and an arbitrary initial polarization of unity 
perpendicular to the scattering plane. The program then 
traces the scattering histories of these neutrons from 
which an estimate of the value of multiple scattering 
asymmetry can be obtained along with its standard devia- 
TIONS 

In order to perform the above process, the 
polarization dependence of the scattering cross section 


should be incorporated in the program. This is simple 
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Figure A.1 - Experimental geometry simulated 


by the Monte Carlo code PMS1. 
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for the first scattering, since, according to equation 
(2.33) only the incident polarization and the analysing 
power of the scattering nucleus need to be known. bi now: 
we go to the second scattering the situation will become 
much more complicated. A total of seven parameters will 
be needed to perform the calculations. However, in 

case of a spinless target the following parameters will 


be needed: 


Ls) the unpolarized cross section, 

2) the initial. polarization, 

3) the analysing power of the scatterer, and 
4) the rotation angle as defined in Chapter 2, 


as functions of angle and energy. It is very difficult 
to get all this information experimentally. Moreover, 
if it is availabie it will need correction for multiple 
scattering and finite geometry before it can be used in 
the program. The alternative is then to provide the 
program with theoretically calculated information. 
Equations (2.41-2.45) tell us what we need to calculate 
the scattering amplitudes A and B. These amplitudes can 


be defined in terms of scattering phase shifts as: 
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Bre the phase shifts, P, (8) is legender polynomial and 
Py is the associated legender polynomial. The phase shifts 
can be either obtained directly by fitting the experi- 
mental data or can be calculated using the optical model po- 
tential whose parameters are obtained by fitting experimen- 
tal data. The program: takes phase shifts as functions of 
energy and uses them to calculate A and B which in turn 
are used in equations (2.41-2.45). Here the program is 
vared to accept only real phase shifts. This condition 
restricts the usefulness of the program to only cine 
nuclei. The cross sections are calculated as functions 
of the cosine of the scattering angle in the range from 
+1 to -1 at 41 steps which means that the program cannot 
be used where the Mott-Schwinger interaction is dominat- 
Eng 

For the purpose of tracing the pclarization of 
a neutron undergoing several collisions inside the 
Scatterer, che following process 1s) used. 


The axes of the system are defined as:- 
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where x, op Z are unit vectors along the axis, Kt is the 
wave vector of the aneoae neutron, KE is thatvot the 
scattered neutrons and Oo, is the scattering angle. —it 
should be mentioned here that this axes system is 
different from that used in Chapter 2. The axes system 
Fised in Chapter 2 is consistent with the Madison conven- 
tion. In Chapter 2 the z-axis is taken along the 
direction of the incident neutron while here it is 
taken normal to the scattering plane. Now a neutron 
is created at the point (x.,y,,2,) with Bee etion of 
ape ye gl 


k™ A ky 


> > A 
P, = P, (9) = P,(6)z = P, (9) Sere ay cea (A.6) 
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If this neutron undergoes a scattering through an angle 
or at a randomly chosen point (X46 024) inside the 
scatterer, then’the initial polarization of this first 


scattering process is given by: 
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where gt is the unit wave vector of the charged parti- 
>i. 
cles used in the neutron source, kj is the unit wave 
at 


vector of the incident neutron in scattering #1, ky is 


that for scattered neutron in scattering #1. 
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>= > 
Seige ES a iS) 
Pee el) snale 
cos 6) = ky A ky 
cos 6 = kt A kt : 


The polarized differential cross section for scattering 


#1 is: 
do \ ee (cct. #iyh Bi 
dQ dg 0 Z 
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sind sino, 


il 
do 
where can 


#1, and hat is the polarization acquired by unpola- 


is the unpolarized cross section of scattering 


rized beam upon scattering on the same scatterer. 
Now we are ready to use equations (2.41) of 


Chapter 2, with the following equalities: 
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The program now tests if the neutron can scatter again 
inside the scatterer. If the answer is yes, then the 
coordinates of the scattering point will be calculated 
along with the scattering angle and energy. Let the 
second scattering point be (X5¢YorZ5) and scattering 
angle is 0... The incident polarization of the second 


scattering will be: 
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ak ache 
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Now the state of the polarization after scattering #2 


can be described by: 
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We can now use equations (A.7-A.20) to generalize the 
state of the polarization before and after any number 
of scatterings. Let scattering m take place at the 


Dolntemte, Vy, 2) willie (m-1) will denote the preceding 


scattering then: 
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We turn our attention now to the detection 


process. At each collision point in the scatterer the 


CLE eR) 


“Pa eo ‘1 A 
ee’ | . a 


1 
he 


POR WAT. 


+ oe ees a , 


146 


program calculates the probability that the neutron 

will scatter to each of the two detectors on each side 

of the incident neutron beam and each makes the same 
scattering angle with the incident beam direction. The 
product of the weight of neutron and its probability 

of reaching the detector form an estimate of the flux 

at) the detector. The neutron flux at a point r in the 
detector resulting from a collision at r' in the scatterer 


is given by 
> 
i 

F= WA_P(E,2) AQ Exp|(- | J" (e)as] (A. 28) 
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E is the laboratory energy of the neutron after scattering, 
o(6,¢) is the unpolarized differential cross section. 
AQ is the solid angle subtended by the detector at 


the scattering point, 
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i is a factor to correct the cross section from that 
of an unpolarized beam to that of a polarized one. 


A is given by: 


where 


cosé, = r'.r/|r'a x| 


and aa is calculated by using equation (A.23) where On 
replaces Pe and PY (6,) is calculated theoretically from 
equation (2.44) of Chapter 2 at angle Ob: Finally Wis 
the statistical weight which is equal to 1.0 for colli- 


Sion #land given by: 


ae ie m 
w=T1 [1+ P POs) || 
Zz m 
i m 
for subsequent collisions. 
The asymmetry can now be calculated using the 
flux at both detectors and the actual experimental 
conditions. Comparing the asymmetry to the one calcu- 


lated under ideal condition will yield the correction 


factor for the experimental points. 


A.3 The Modified Program 


The first modification to the program is to 
include the contribution of the Mott-Schwinger inter- 


action to the scattering amplitude. This contribution 


is given by: 


4 ' 
q)= us 
: ieee CNS OER 
yIROE -— Saw 
_ 7 
- 


- - I 
* Re tant debi 
‘Ss f] “he kL - 2,cre 
- 7 i 7 3 “| 


i he Mw > . . ss on —" 
at eaew sia) eee ankeo va, boost eo) 8 


mort yb apie ibe Mpnivotne Lia F, 0) ie 
e>.8 ws sal te ' siGun * ¥ ibe ent? 20) cy 


lee i 43 : Pw i bie ae us “ pile sth aw Teall c dake sre on atid 
ive £ “vie a 
/ oe ' 


ath heh 7 Ca 
rye: Se a © ae 
hae io. ft. , 


innets tites me 


~ 


i-pnéen. ‘pete tanites ad Wwoll AAD vitonmyee 


| iit _= Le) 


£6) hi orm, tao wee = srossnieb A pes : 
7 t) 4) ] - 
a vm ts ey smd ‘tent 


heskseeaaaaies las bet + gets sone Lao nebawr bs 
i 


Oy wa’ bined, 
; meer: 


~ayend. TgwAdy { ANS oY 
co ee by ae 


1h 7. 


7 ‘\ a Mee : | 


Q -3 M 
By = B - 2.93107" — Zz cot (6/2) 


where B is the scattering amplitude defined in equation 
(A.2), M is the scattering nucleus mass, m is the neu- 
tron mass and @ is the scattering angle. In calculating 
cross sections and polarizations a provision has to be 
MadesLOrm the inclusion Of angles as small’ as’0.1° = In 
the original program the angular range (0-180°) was 
divided into 4lequal steps in the range of +1 to -1l for 
the cosine of the scattering angle and this means. that 
the smallest scattering is 18°. This has been changed, 
such anere the range (+1 to -1) has been divided into 134 


unequal steps in the following way: 


cose =.= 12.0% 108° <(r-1)1 ih ee 
Pal =8(530. 2 1002 x (1249) I 5 See 
See bea eS 2 ee 
= 1 —[5.0x 10-2x(1-85)] 88 < I < 95 
[500 m0 xt r-94 0) Sebel 


Finally the program has been changed so that it can 
accept complex nuclear scattering amplitudes, A and B, 
rather than real phase shifts, as functions of energy 
whose range can be defined externally. These scattering 
amplitudes have been calculated using the optical model 


by a special program (SH 74). 
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To test the performance of the program in the 
large angle region the output of the new program was 
compared to the output of the old one for the scatter- 
ing of 5.0 MeV polarized neutron on melee The geometry 
and phase shifts for this experiment were given by Weil 
(We 73). The results of both programs were in very good 
agreement. In the small angle region several runs have 
been performed on the geometry of the present experiment 


on the scattering of 10.0 MeV neutrons on e020 
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should expect, the correction factor for a certain 
scatterer thickness decreases with the increase of 

the angle. Meanwhile, the correction factor for a 


certain angle increases with an increase in the scatterer 


thickness. 
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APPENDIX B 


THE SUPERCONDUCTING SOLENOID SYSTEM 


Table B.1 summarizes the characteristics of the 
solenoid and the switch. Fig. B.1l shows a schematic 
circuit diagram for the solenoid and the switch. Three 
things will be considered here, the action of the per- 
sistent switch, the calibration of the solenoid and, 
finally, the calculation of the required integrated 
Preld . 

1) The persistent switch is a simple superconduct- 
ing wire made of the same material as the solenoid with 
aenormal resistafice- of 15 %. The switch 1s electrically 
connected in parallel with the solenoid. Its physical 
position is adjusted such that both the solenoid and 

the switch can be cooled down simultaneously to the 
liguid helium temperature of 4.2°K. In addition, a 
normal wire, called switch heater with a resistance of 
100 2, surrounds the superconducting wire. A current ot 
2.25 ma, at 2.25 V, passing through the switch heater 
will produce enough heat to change the state of super- 
conducting wire to normal. This combination of the 
superconducting wire and the heater acts as a switch in 


that it can conduct current when it is closed (zero 
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Table B.l 


Specification of the Superconducting solenoid system 


(supplied by the manufacturer) 


Bore diameter (room temperature) 15) anches 
Overall winding length 22°61 'cem 
Overall width of cryostat 10.0 inches 
Overall length of cryostat 12.0 inches 
Minimum guaranteed field 70°.0* KG 
NumbemOt ecurns in, co1l Ao PN OM 
Inside diameter of coil Ge ecm 
Outside diameter of coil 10.45 cm 
Liquid helium evaporation rate Me SUNCC/ nour 
Capacity of liquid helium reservoir. v3.6 liters 
Quench current at 4.2°K 80 A 
Switch heater resistance 100 2 
Switch normal state resistance iene) 
Solenoid inductance 629 5H 


Voltage to open switch 22 OM. 
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Figure B.1 -— Schematic circuit diagram for the 
superconducting solenoid and the 


persistent switch. 
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resistance) and block it when it is open (very large 
resistance). The actual process of putting the 
solenoid in the persistent mode is as follows. 

a) With the heater off the solenoid and the super- 
conducting wire is cooled to liquid helium temperature. 
b) Putting the switch heater on, the superconduct- 
ing wire will become normal with -15 Q resistance, 
infinitely large compared to the solenoid resistance 
(zero 2). The switch now is "open". 

e) Connecting the system to the power supply the 
desired current will flow through the solenoid. 

d) Switching the heater off, the switch wire will 
be cooled down and become superconducting. The switch 


NOwarse.closed'’,=sThevcurrent inwthessoleno1dpwililithen 


flow through a zero resistance loop formed by the switch 


Superconducting wire and the corenowas 

e) It is possible now to turn the power supply off 
without) atftectingsthescurrent inithe Loopreeihis wad 
mean that the magnetic field produced by the current 

in the loop will stay on as long as the loop is kept 
under its critical temperature. 

£) To change the magnitude of the magnetic field, 
the power supply should be switched on and adjusted to 
provide (within z to > amps) the same current as in the 


loop, open the switch by turning the switch heater on. 


154 


. od 


ek abun soesekaxed nm 

rite: er y 

7 Bs ‘a (s 

yer Sa seymag ons t teadd: biupet 6s felons ve ) pai soubace 
i$, 

ve 


=" ‘Du, bros ze ate eis (a0 tedsed An? iwe ont as rut. a id. 


¥ 
6 oJ 
> Oo & 


xeque ott bas: ‘pton: plow ats tio qetsed 


= 7 
enxptatees U BL ddiw Lene tt snoaed faqs bes 


o21258 iden phone tua) ans at het aqade es ” a nk? 


7 


nego" eit won dos we ott 
avid. “tlugouia al | ent OF oro Deve eat wasn 


. 
bitin! ‘ha rs ae neetis WO 2 tite aera I 
(ifw,oste ao2ziwe AZ. soaks azg not oni + on 
tesdwe oAT .perhdou! sOOTeRUE amoned bos owob. weno > 


w - 
aets [Liw O.oeml od edd ml amerms oct .“baaok at 


Ge 

(lotiwn alt qt Berrios qual epneseiaoas o7ak 6 doe oxds ¥ 
7 7 oy 
=~ a 

sblonsiee oft baa eaiw pnd vba oo1eque 


230 vileqee teve9 ets s1u9 GF won sldiaaeag ek a ( 
Lion Bae +7ool oty ak taetaye eds ‘dial = 
ate ose sul. yal AoouPuTg Ska StS eigen ond hy ST 


oiaed ®b Gont a 86 vital ab no yaa iliw ¢ 

|  wursersimed ene: 

total mhseaiaa 009 ad ohusiapes at open 
‘o hott Ban fr bestvaive sib loos | 
wie aba “ Let rae toy 4 eo £ oe ; 


‘ ¥ 


ar aa’ adit ei dks oad eis Da 
; Ty - ry ft. - 
ed | 


_ 
: 


155 


The current in the solenoid will flow through the power 
supply and could be changed and the process could be 
repeated to put the solenoid back in the persistent 
mode. 
2) Three different kinds of magnetic probes have 
been used to measure the magnetic field as a function 
of the current and distance along the axis of the sole- 
noids 

The first probe was a "MistoR", MRAI11 produced 
by American Aerospace Controls, Inc. This probe is a 
solid state, thin magnetic flux-sensitive film, that 
changes resistance as a function of the applied magnetic 
field. The second probe was a Hall generator HA-12 
produced by “the "same “company. “When “a” fixed electric 
current passes through the thin film, of the Hall genera- 
tor, while it is exposed to a magnetic field, a Hall 
voltage will develop across the terminalis of the thin 
Euimeeethie evoltage is -a function tof the applved magnetic 
field. The main advantage of these probes is their size. 
ihe saMiustor, Lor example, measures oak ae Unfortunately, 
we have found, contrary to the manufacturer's claim, these 
probes are not linear above about LOMKVe 

The third probe used was a rotating Coll. 
Unfortunately, the geometry of the rotating coil avail- 
able made it impossible to insert it inside the 


solenoid to trace the field profile. Asa result, 
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the ratio H(x)/Ho, where H(x) is the Magnetic field at 
a distance x from the center and Hy is the magnetic 
field at the center, is plotted as a function of Ke 

The resulting profile is shown in fig. 3.2 cee he 
VabvlcceOtaH (x) e-and H, are those provided by the manu- 
facturer. As shown an fig. B.2, two points A andes 
were chosen for measuring the magnetic field as a 
function of the current. Point A is the closest point 
to the edge of cryostat the rotating coil could reach. 
Point B is a point at which the magnetic field | 

does not change very rapidly with the change in 

the distance. A series of measurements of the magnetic 
field have been taken at these two points as a function 
Of the current E=-Table B.2 shows these, results. In 
this table H(A) and H(B) are the magnetic fields 
measured in KG at points A and B respectively. H, (A) 
is the value of the magnetic field at the center of 

the solenoid calculated from the profile of fig. B.2 
and the corresponding H(A). H, (B) is the same as H, (A) 
cies, jefephehen jae Ry is the ratio Ho/te and R is the ratio 


H/I. The average value of Ro is 0.908 KG/amp. The 
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ratio of the magnetic field at the center to the current 


could also be calculated from 


where R 
oc 


woethe calculated ratio, Ue is the permeability 
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Figure B.2 — ihe profile of the axial magnetic 


field of the superconducting 


eQoLenold. 
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of the air and n is the number of turns in the solenoid 


per unit length. Using the information given in table 


B.l we get 


ne = 0.956 KG/amp . 


One can see that Ry and RG agree within 5.3% which 
means that the profile provided by the manufacturer 

of the solenoid is good enough to be used in setting 
up the required integrated field. 

3) The fact that, the magnetic field, produced by 
the solenoid, is not a homogeneous field has the advan- 
tage that the stray field outside the solenoid is 
small enough to disturb neither the charged particle 
beam nor the photomultiplier tubes in the detectors. 
However, this inhomogeneity makes it difficult to set 
up the required integrated field. The current which 
produces a certain integrated field can be calculated 


from: 


ae ee (B.1) 


where Hy is the integrated field in KG-cm and can be 
calculated for each neutron energy using equation 
(2,47), a 1S double the area under the magnetic field 
DEOtiesOt uti. Bs 20 2bOL 10.0 MeV neutrons the inte- 
grated field as given by equation (2.48) is 751.8 KG-cm, 


a was found to be 24.048 and Ro is 0.908. The current 
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required to produce enough magnetic field to rotate 
the spin of 10.0 MeV neutrons by=180 20% vscechen 
34.43 amp. 


B.2 The Power Supply 
The power supply is a model D.P.S. A/100/4.5/1, 


manufactured by Didcot Inst. Co. Ltd., Oxford, England. 
tteisecapable of providing 100 amperes at £5 volts. 

The current can be swept up and down automatically to 

a preset value in times as short as 1 minute and as 
long as 100 minutes. It, also, provides the switch 
heater with the necessary current. This power supply 
is provided with an ampere/volt meter for measuring the 


solenoid current. 


Boome LOocEeCcryOstat 

Fig. B.3 shows a schematic diagram of the 
cryostat which has been manufactured by Thor Cryogenics, 
Brinsfield, Oxford, England. The upper part of the 
helium reservoir is surrounded by a liquid nitrogen 
jacket which is connected to a thermal radiation 
shield surrounding the lower part of the liquid helium 
reservoir. The helium reservoir is separated from the 
nitrogen jacket and shield by vacuum. The capacity of 
the helium reservoir is about 3.6 liters. According 


to the manufacturer's specifications the evaporation 
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rate of liquid helium should be about 300 ec/Tour. 

After six months the evaporation rate started to 
increase very rapidly until it was more than one liter 
per hour which made the magnet impractical to use in 
neutron experiments. Examination of the inside of the 
cryostat in the Nuclear Research Center showed that 

the liquid nitrogen shield and the top of the lower 
section of the helium reservoir were touching each other. 
The nitrogen shield was realigned solving the problem, 
for some time, but it then reoccurred. It was then 
decided to glue some nylon hemispheres to the liquid 
helium reservoir at the positions indicated by A, B, C, 
and D in fig. B.3. The hemisphere shape was chosen to 
minimize the area of contact between the nitrogen shield 
and the helium reservoir. The radius of these hemis- 
pheres is slightly less than 5 mm so that contact will 
not take place unless there is a large misalignment of 
the nitrogen shield. This misalignment might result 
from any rough handling of the cryostat because the 
connection between the liquid nitrogen jacket and shield 
is established by a flexible stainless steel screen. 

As a consequence of these modifications the evaporation 


rate of the liquid helium has been improved to about 


250 'co/ Nour. 
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Figure B.3 -- Schematic diagram of the liquid 


hetivumreryostact. 


—»TO HELIUM RECOVERY 


——» TO PUMP 


LIQUID NITROGEN 
RESERVOIR 


LIQUID NITROGEN 
SHIELD 


LIQUID HELIUM 
RESERVOIR 


ROOM TEMP. 
AIR BORE 


“WOOOATIN. tub 
OVE AGRA 


>. 


pAgite 1.3 ~ Naoeee 


gr oH Chip 
ct ie. 


i eH owt 


= Ly 


7 
- ts 


165 


The final feature of the cryostat is the liquid 
helium level meter. The level meter is a superconduct- 
ing wire placed vertically in the liquid helium 
reservoir. So when the cryostat is full with liquid 
helium, a large portion of the wire will be super- 
conducting. By applying a very small voltage across 
the superconducting wire a small current will flow in 
the circuit, “This current will be proportional, to, the 
resistance of the wire, which in turn is proportional 
to the length of that portion of the wire which is not 
superconducting. The current will then be a measure of 


the height of the liquid helium in the cryostat. 
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